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PREFACE 


This  volume  represents  a  record  of  the  proceedings  of  Symposium  LL,  "Smart  Materials,"  held 
November  30-December  2  at  the  1999  MRS  Fall  Meeting  in  Boston,  Massachusetts,  the  third 
symposium  in  the  series  on  "Smart  Materials."  In  addition  to  the  conventional  piezoelectric, 
magnetostrictive  and  shape  memory  materials,  the  symposium  was  expanded  to  include  electro- 
/magnetorheological  fluids  and  mechanochemical  actuators.  Seventy-one  papers  were  presented 
over  the  course  of  three  days.  Of  the  fifty-one  papers  in  this  volume,  twenty-one  (or  roughly 
41%)  came  from  outside  the  U.S. 

Piezoelectric  actuators  seem  to  have  reached  a  rather  mature  status.  Various  talks  on  their 
reliability  issues  were  presented.  A  review  of  the  high  vibration-level  characteristics  for  PZT 
piezoelectric  ceramics,  using  both  burst  and  continuous  voltage  drive  methods  in  order  to  measure 
the  temperature  rise  effect  separately,  was  presented.  It  was  concluded  that  the  mechanical  loss 
increases  significantly  with  the  vibration  stress.  A  promising  application  for  a  disk-type 
piezoelectric  transformer,  which  utilized  a  circular  piezoceramic  with  an  asymmetrical  electrode 
configuration  (Poster  Award  recipient)  was  reported.  Compared  with  the  conventional  rectangular 
shape,  this  new  design  realized  higher  voltage  step-up  ratio  and  efficiency. 

The  session  on  Shape  Memory  Alloys  (SMA)  has  shown  that  the  SMA  are  still  prominent 
representatives  of  smart  materials  and  contribute  to  smart  structures.  In  order  to  use  SMA  in  an 
optimal  way,  new  characterization  and  fabrication  methods,  as  well  as  thermo-mechanical 
treatments,  were  presented  and  discussed.  In  particular  an  interesting  technology,  where  special 
shapes  of  materials  are  produced  by  low  pressure  thermal  spraying,  has  been  applied  to  SMA  in 
order  to  produce  foils,  tubes  or  seals.  The  trend  to  integrate  SMA  elements  into  composites 
continues.  Thin  film  composites  with  interesting  properties  have  been  developed  in  view  of  an 
application  as  a  microactuator,  consisting  of  Ni-Ti  based  SMA  magnetron  sputtered  on  metallic 
substrates.  New  adaptive  composites  have  been  presented  whose  vibration  frequency  can  be 
displaced  when  prestrained  Ni-Ti  wires  are  embedded  in  a  Kevlar  fiber  reinforced  epoxy  matrix 
and  activated  by  direct  electrical  current.  A  frequency  displacement  of  up  to  50%  was  reported. 

The  session  on  Magnetostrictive  Materials  began  with  an  overview  of  magnetostrictive 
transducer  technology  illustrating  both  actuation  and  sensing  applications.  Composites  utilizing 
magnetostrictive  materials  in  the  form  of  powders  and  thin  ribbons  were  developed  for  damping 
and  high  frequency  applications.  The  relatively  new  area  of  magnetically  activated  shape 
memory  alloys  in  both  bulk  and  thin  film  forms  was  introduced.  Strains  on  the  order  of  6%  were 
reported  in  the  Ni-Mn-Ga  ferromagnetic  shape  memory  alloys. 

The  review  on  magnetOrheological  fluids  gave  us  a  better  understanding  of  their  practical 
commercial  market.  Damper  applications  of  magnetorheo logical  fluids  have  been  expanded  to 
include  truck  seats  and  bicycles.  An  intriguing  chemomechanical  actuator  was  introduced.  Using 
acrylic  acid  and  n-stearyl  acrylate  based  gel,  which  can  spread  fluid  on  water  continuously,  a  tiny 
water  vehicle  made  of  soft  gel  was  demonstrated. 

All  papers  submitted  for  inclusion  in  the  proceedings  were  peer-reviewed  in  accordance  with 
MRS  procedures.  We  gratefully  acknowledge  the  contributions  of  the  individual  reviewers  and  the 
session  chairs  in  making  this  a  successful  symposium. 

Marilyn  Wun-Fogle 
Kenji  Uchino 
Yukio  Ito 
Rolf  Gotthardt 

March  2000 
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ABSTRACT 

Highly  (100)  and  (111)  oriented  lead  zirconium  titanate  (PZT)  thin  films  have  been 
grown  by  using  reactive  rf-sputtering.  PZT  thin  films  with  rhombohedral  composition  have  been 
grown  in  different  orientations  using  selective  rapid  thermal  annealing  cycles.  The  polarization 
versus  electric  field  curves  and  the  resistivity  of  the  films  were  measured  using  a  standardized 
RT66A  ferroelectric  test  system.  The  dielectric  constant  and  the  loss  were  determined  using  an 
impedence  analyzer.  The  PZT(IOO)  oriented  films  showed  larger  dielectric  constant  and  loss  than 
the  PZT(lll)  films.  The  PZT(IOO)  films  possessed  sharper  square-like  hysteresis  loops 
compared  to  the  PZT(1 11)  films,  as  expected  fi'om  our  phenomenological  calculations. 

INTRODUCTION 

Rooted  in  early  research  on  materials  and  processes  for  the  emerging  field  of  integrated 
circuits  in  the  late  1960’s,  there  has  been  significant  progress  in  the  area  of 
microelectromechanical  systems(MEMS)  in  the  past  two  decades[l,2].  During  the  past  few  years 
there  has  been  an  explosion  of  interest  in  MEMS,  which  has  become  a  critical  technology  in  the 
growth  of  various  fields  like  medical,  automotive,  chemical,  and  space  technology.  PZT  thin 
films  hold  great  potential  as  actuator  materials  in  MEMS  devices[3].  Explicit  knowledge  of  the 
dielectric  and  piezoelectric  properties  of  PZT  thin  films  at  different  crystal  orientations  needs  to 
be  investigated  to  enhance  its  performance  and  hence  meet  the  challenging  requirements  of  the 
MEMS  industry. 

Our  group  has  previously  reported  theoretical  calculations  based  on  the  phenomenological 
consideration  of  the  crystal  orientation  dependence  of  the  dielectric  and  piezoelectric  properties 
in  PZT  thin  films[4].  We  have  reported  that  for  PZT  60/40  in  the  rhombohedral  region  of  the 
phase  diagram,  the  electric  field  induced  polarization  hysteresis  loops  are  expected  to  be  sharper 
and  square-like  for  PZT(IOO)  when  compared  to  the  smoother  and  slanted  loops  for  PZT(lll). 
The  piezoelectric  property  dependence  on  crystal  orientation  has  also  been  reported.  Changing 
the  crystal  orientation  dramatically  enhances  the  effective  piezoelectric  constant  d33.  Figure  1 
shows  the  change  in  d33®^  with  crystal  orientation.  Figure  2  gives  the  schematic  explanation  for 
this  expectation.  The  dss*^  value  is  three  times  larger  for  the  [001]  direction  compared  to  that  of 
the  [111]  direction.  In  the  rhombohedral  phase  there  are  8  possible  polarization  directions. 
Considering  the  (111)  oriented  films,  the  possible  polarization  directions  2,3,  and  4  are 
equivalent  and  are  about  70.5°  away  fi-om  the  spontaneous  polarization  direction  1.  The  other 
possible  directions  are  6,7,8  and  5.  When  the  electric  field  of  a  completely  poled  sample  along 
axis  5,  the  polarization  gets  reversed,  the  polarization  reversal  has  various  possibilities  5-1;  5- 

(2.3.4) ,  5-(6,7,8);  5-(6,7,8)-l;  5-(6,7,8)-(2,3,4);  5-(2,3,4)-l  etc.,  hence  the  reverse  sepients  in 
the  polarization  curves  are  inclined.  In  the  (100)  film,  there  are  two  sets  of  equivalent  directions, 

(1.2.3 .4)  and  (5 ,6,7,8).  The  polarization  directions  are  54.7°  away  fi:om  the  normal  of  the  film, 
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Fig.  1.  Ciystal  orientation  dependence  of 
piezoelectric  d^  constant  (4]  (a)  Piezoelectric  db  of 
itaombiiedial  FZT.  (b)  Cro^  section  curve  of  (a)  cut 
along  Y>Z  plane.  Maximiim  value  of  (b  isonthe  Y> 
Z  idane  and  56.T  away  from  Z-axis.  (c) 
Electromechanical  coi^)lmg  frictorkss  of 
rfaombohedral  PZT.  (d)  Cross  section  of  fig  (c)  cut 
along  Y-Z  plane.  The  maximum  dss  is  along  Y>Z 
]dane  and  51.3°  away  finrn  Z-axis. 


when  the  electric  field  E3  is  switched  fi-om  positive  to  negative,  the  domains  along  1,2, 3 ,4  are 
reversed  at  the  same  time  leading  to  abrupt  polarization  reversal.  Theoretically  the  remnant 
polarization  of  the  (100)  films  is  expected  to  be  l/Vs  times  that  of  (1 1 1)  oriented  films,  a  similar 
magnitude  of  the  remnant  polarization  is  expected  due  to  the  square-like  hysteresis  behavior  of 
the  (100)  oriented  films.  Accordingly,  we  can  expect  an  ideal  strain  curve  like  a  butterfly 
hysteresis.  Based  on  the  above  background  we  are  investigating  highly  oriented  PZT  thin  films 
in  various  crystal  orientations.  In  this  paper,  the  fabrication  process  and  the  dielectric  property 
dependence  of  highly  oriented  PZT  thin  films  will  be  discussed. 


EXPERIMENTATION 


PZT  thin  films  were  deposited  by  reactive  rf-sputtering  using  multielement  metallic 
targets  of  lead,  zirconium  and  titanium.  A3''  circular  target  was  made  using  individual  wedges  of 
the  Pb,  Zr  and  Ti.  The  target  composition(Pb:Zr:Ti::4:8:9)  was  adjusted  so  as  to  fabricate  a 
ihombohedral  composition  of  PZT(70/30).  Substrates  used  were  highly  (111)  oriented  platinum 
coated  Si02/Si  wafers.  All  the  substrates  were  thoroughly  cleaned  with  isopropyl  alcohol  and 
rinsed  in  deionized  water  prior  to  film  deposition.  The  substrates  were  clamped  to  a  stainless 
steel  holder  and  heated  by  quartz  lamps  to  450®C.  The  rf-sputtering  system(Anelva  SPC-350) 
was  evacuated  to  a  base  pressure  of  1x10"^  Pa,  the  films  were  grown  at  20  mTorr  pressure  with 
Ar/02  ratio  at  50/50.  The  films  were  grown  at  rf-power  of  150  watts  at  a  deposition  rate  of  0.1 
pm/hr.  The  as-deposited  films  were  amorphous  with  some  microcrystallization  of  the  perovskite 
phase,  annealed  using  rapid  thermal  anneding(RTA).  The  structural  characterization  of  the  films 
was  made  by  X-ray  diffraction  using  the  Cu  Ka  radiation.  For  electrical  characterization,  the 
crystallized  films  were  coated  with  150  nm  thick  platinum  top  electrodes  by  dc  sputtering  using  a 
shadow  mask;  the  electrode  area  used  was  2.38x10*^  -  1 .77x10*^  cm^'  The  polarization  versus 
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electric  field  hysteresis  loop,  the  quasi-static  capacitance-voltage  measurements,  and  the 
resistivity  measurements  were  made  using  RT66A  standardized  hysteresis  tester(Radiant 
Technologies).  The  quasi-static  C-V  measurements  were  made  using  the  RT66A  hysteresis  tester 
at  a  fi-equency  of  60  Hz.  The  dielectric  constant  and  loss  factor  were  measured  as  a  function  of 
fi’equency  using  an  impedence  analyzer(HP4192)  in  the  fi-equency  range  between  10  Hz  and  1 
MHz. 


t'’ 


(«) 


(b) 


Fig  2.  Possible  spontaneous  polarization 
(iircctions[43  (a)  (1 1 1)  oriented  films  (b)  (001) 
oriented  filim. 


RESULTS  AND  DISCUSSION 

The  XRD  patterns  of  the  annealed  films  are  shown  in  Fig.3.  The  XRD  patterns  indicate 
that  highly  oriented  PZT(IOO)  and  PZT(lll)  films  have  been  fabricated.  The  degree  of  crystal 
orientation  was  calculated  from  the  integrated  intensity  of  the  PZT(1 1 1)  and  PZT(IOO)  pealcs  and 
can  be  expressed  as  Int(iii)=  I(111)/[I(111)  +  1(100)].  The  degree  of  crystal  orientation  obtained 
for  Int{i  11)  was  >  98%  and  that  for  Int(ioo)  was  >  95%.  The  deposited  films  were  annealed  using  a 
rapid  thermal  annealing(RTA)  at  different  rates  so  as  to  crystallize  the  films  to  (100)/(111) 
perovskite  structure.  The  crystal  orientation  of  the  substrate  is  critical  in  obtaining  the  desired 
orientation  of  the  PZT  filrns[5,6].  Highly  oriented  PZT(lll)  films  can  be  easily  grown  on 
Pt(l  1 1)/Si02/Si,  but  obtaining  PZT(IOO)  oriented  film  on  Pt(l  1 1)/Si02/Si  substrate  has  not  been 
widely  reported[7,8].  The  surface  energy  for  the  PZT(lll)  orientation  is  lower  on 
Pt(l  1 1)/Si02/Si  as  compared  to  that  for  PZT(IOO),  hence  the  growth  of  PZT(1 1 1)  is  kinetically 
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However  PZT(IOO)  growth  plane  has  the  lowest  activation  energy  for  nucleation,  and  in 
the  absence  of  any  microcrystallization  of  pyrochlore  phase,  the  nucleation  of  (100)  orientation  is 
easier  and  subsequent  growth  of  the  (100)  plane  is  favored.  Figure.4  shows  the  selective  rapid 
thermal  annealing(RTA)  cycles  for  obtaining  PZT(IOO)  and  PZT(lll)  on  the  same 
Pt(l  1 1)/Si02/Si  substrate. 


Fig.  4.  CiystaUization  of  highfy  oriented  films 
using  selective  rapid  theimai  annealing  cycles 
for  PZT(1 1  lyPt/SiCVSi  and 
PZT(100)/Pl/Si(VSL 


The  electrical  characterization  of  the  films  was  made  after  making  the  top  electrodes  of 
platinum  by  dc  sputtering  using  shadow  masks.  The  dielectric  constant  and  the  loss  factors  are 
shown  in  fig.5  as  a  fimction  of  fi’equency  for  both  the  (1 11)  and  the  (100)  films.  The  films  were 
poled  with  an  electric  field  of  150  kV/cm  for  30  minutes  and  then  aged  for  an  hour  prior  to 
measuring  the  dielectric  constant  at  an  oscillating  ac  frequency  of  0.01  V.  The  dielectric  constant 
and  the  loss  factors  are  shown  in  Table  1,  PZT(IOO)  possess  a  larger  dielectric  constant  and  loss 
values  compared  to  PZT(lll).  The  loss  values  for  the  PZT(IOO)  were  in  the  range  0.03-0.035 
and  were  larger  than  those  for  PZT(lll)  films  which  ranged  fix)m  0.02-0.03  at  a  firequency  of  1 
kHz.  Figure  6  (a)  and  (b)  show  the  P-E  hysteresis  loops  and  the  quasi-static  C-V  curves(which  is 
equivalent  to  the  derivative  of  the  P-E  curves)  for  both  PZT(1 1 1)  and  PZT(IOO)  films. 
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Electric  Field  kV/cm  Electric  Field  kV/cm 

«  /hi 

Fig.  6(a)  Difference  in  the  dielectric  hysteresis 
between  PZT(1 1 1)  and  PZT(100)  measured 
usmg  RT66A  Fenoelectric  tester.(b)  Dielctric 
constant  versus  voltage  characteristics  of 
FZT(lll)aiidPrr(100)  1  fxm  thick  films 


The  saturation  polarization  values  for  PZT(lll)  oriented  films  are  larger  than  those  for 
the  PZT(IOO)  oriented  films  by  a  factor  of  ^3  as  proposed  by  theoretical  calculation[4].  The 
coercive  field  is  smaller  for  the  (100)  films  when  compared  to  (111)  films.  From  fig.7  it  can  be 
seen  that  there  is  an  abrupt  saturation  of  the  coercive  field  value  in  PZT(IOO)  films  at  an  applied 
field  of  150  kV/cm  whereas  the  saturation  is  gradual  in  (111)  films  until  breakdown.  The 
polarization  curve  in  the  case  of  PZT(IOO)  is  abrupt  and  square-like  and  is  relatively  smooth  in 
the  case  of  PZT(11 1).  This  result  is  expected  from  our  theoretical  calculation.  Figure  6(b)  shows 
the  C-V  loops  for  PZT(IOO)  and  PZT(lll).  The  (100)  films  have  a  higher  maximum  than  the 
(111)  films,  which  indicates  that  domain  switching  occurs  readily  near  the  coercive  field  for  the 
(100)  films.  The  (100)  films  have  sharper  peaks  compared  to  the  broader  peaks  for  the  (111) 


Fig.  7.  Dififercncc  indie  coedve  field  versus 
^lied  maTrimum  field  for  PZT(100)  and 
PZT(1 11)  films. 
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Table  1  summarizes  the  dielectric  constant,  loss,  coercive  field,  spontaneous  polarization  and 
remnant  polarization  for  the  PZT(IOO)  and  PZT(1 1 1)  films.  The  piezoelectric  characterization  of 
the  films  is  currently  underway. 


Table  1 .  Dielectric  properties  of  PZT(  1 1 1)  and  PZT(  1 00)  oriented  films  on  Pt/Si02/Si. 


Property 

Dielectric 

Constant 

Dielectric  loss 
factor  @  1  kHz 

Spontaneous 

Polarization 

(pC/cm^) 

Remnant 

polarization 

(pC/cm^) 

Coercive 

Field 

(kV/cm) 

PZT(111) 

900 

.025 

55 

25 

65 

PZT(IOO) 

1050 

.035 

28 

20 

35 

CONCLUSIONS 

Highly  oriented  PZT(IOO)  and  PZT(lll)  thin  films  have  been  grown  by  reactive  rf 
magnetron  sputtering  using  multielemental  metallic  targets.  The  crystal  orientation  dependence 
of  the  dielectric  properties  of  PZT(lll)  and  PZT(IOO)  on  Pt/Si02/Si  substrates  has  been 
investigated  to  compare  the  results  with  the  reported  theoretical  calculation  for  PZT  thin  films. 
The  dielectric  constant  pd  loss  for  PZT(IOO)  were  found  to  be  larger  than  those  for  PZT(1 11). 
The  P-E  hysteresis  loops  and  the  C-V  loops  were  foimd  to  be  sharper  for  the  (100)  than  for  (1 1 1) 
indicating  that  the  domain  wall  movement  in  (100)  films  occurs  simultaneously  at  a  particular 
field  compared  to  the  gradual  switching  of  the  (111)  oriented  films.  The  saturation  polarization 
for  PZT(lll)  is  about  1/V3  times  larger  than  that  for  PZT(IOO).  The  experimental  observation 
seems  to  have  good  agreement  with  the  reported  theoretical  calculations  made  for  PZT  thin  films 
based  on  the  phenomenology. 
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ABSTRACT 

Results  on  growth,  characterization  and  resonator  applications  of  AIN  thin  films  grown  by 
pulsed  dc  reactive  magnetron  sputtering  are  presented.  In  order  to  allow  deposition  on  electrode 
films,  moderate  deposition  temperatures  of  300  to  400  °C  were  applied.  On  (001)  sapphire, 
monocrystalline  films  were  obtained.  On  (lll)-textured  platinum  films,  a  columnar  and  (001) 
textured  microstructure  was  established  which  exhibited  quasi  single-crystal  properties  in 
relevant  materials  constants,  such  as  033, 031,  and  C33.  The  films  have  been  successfully  applied  in 
bulk  wave  resonators  operating  at  GHz  frequencies,  allowing  for  the  derivation  of  acoustic 
parameters.  A  zero  thermal  frequency  drift  was  obtained  with  a  membrane  resonator  due  to  a 
Si02  layer  as  compensating  element. 

INTRODUCTION 

Aluminum  nitride  is  a  good  candidate  as  piezoelectric  thin  film  material  for  micro-electro- 
mechanical  systems  and  rf-filter  applications.  Exhibiting  fairly  high  piezoelectric  coefficients, 
low  leakage  currents,  small  thermal  expansion  coefficients,  low  dielectric  and  elastic  losses,  AIN 
thin  films  are  expected  to  be  very  competitive  in  sensor,  actuator,  and  ultrasoimd  applications 
where  low  loss,  low  thermal  drift,  and  high  signal-to-noise  ratios  are  demanded.  AIN  is  a  known 
piezoelectric  material  and  well  characterized  as  single  crystalline  film  grown  epitaxially  at  high 
temperature  [1].  Its  growth  at  low  temperatures  on  electrode  films  has  mostly  been  abandoned  in 
favor  of  ZnO.  For  this  reason,  AIN  has  hardly  ever  been  applied  in  microsystems.  Main  problems 
were  the  high  mechanical  stresses  and  its  weak  piezoelectricity  due  to  an  unfavorable 
microstructure  [2].  Recently,  we  reported  that  AIN  thin  films  can  be  deposited  nevertheless  with 
good  piezoelectric  properties  and  acceptable  film  stresses  onto  electrode  films  [3,  4].  In  thus 
article  some  of  the  growth  issues  are  discussed  and  the  microstructure  of  optimized  films  is 
presented.  XI2  thin  film  bulk  acoustic  wave  (BAW)  resonators  at  2.4  and  3.6  GHz  have  been 
fabricated  to  assess  coupling  coefficient  and  sound  velocity.  Such  BAW-resonators  based  on 
piezoelectric  thin  films  show  promising  potential  as  silicon  and  GaAs  compatible  integrated  or 
discrete  solutions  for  RF  bandpass  filters  at  frequencies  above  2  GHz.  The  acoustic  isolation 
from  the  substrate  is  achieved  by  micromachining  an  air  gap  on  the  backside  of  the  resonating 
structure  (usually  called  TFBAR,  see  e.g.[43),  or  alternatively,  by  a  set  of  quarter  wavelength 
thick  layers  between  resonator  film  and  substrate  serving  as  acoustic  reflector  (solidly  mounted 
resonator  (SMR)  [3,  5]). 

GROWTH  AND  BASIC  PROPERTIES  OF  ALN  THIN  FILMS 

The  AIN  thin  films  have  been  grown  by  pulsed  dc  magnetron  sputtering  at  temperatures 
between  300  to  400  °C.  The  residual  gas  pressure  was  kept  below  5-10*^  mbar  and  very  pure  Ar 
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and  N2  gases  were  applied  to  avoid  oxygen  contamination  of  the  films.  The  resulting  films 
showed  indeed  no  oxygen  impurities  above  the  detection  threshold  of  0.5  %  of  the  analysis 
system  (X-ray  Photoelectron  Spectroscopy).  The  films  were  grown  on  100  nm  thick  platinum 
films  serving  as  bottom  electrodes  in  the  resonator  structure.  It  was  found  that  a  good  (111) 
texture  of  the  Pt  film  was  essential  to  obtain  highly  (001)  textured  AIN.  Obviously,  the 
hexagonal  surface  of  Pt(lll)  helps  to  nucleate  the  desired  (001)  orientation  of  AIN  with  the 
polar  nexagonal  axis  perpendicular  to  the  substrate  plane.  A  dense  columnar  microstructure  was 
observed.  Transmission  electron  micrographs  (TEM)  show  columns  with  diameters  smaller  than 
100  nm.  The  plan  view  TEM  pictures  of  fig.  1  show  the  top  of  the  grains  with  about  the  same 
diameters.  It  is  thought  that  these  are  governed  by  the  Pt  grain  size  because  local  epitaxy  takes 
place.  This  is  very  much  supported  by  the  fact  that  monocrystalline  films  are  obtained  on 
sapphire  (see  fig.  1).  The  defects  that  are  observed  in  these  films  are  mainly  threading 
dislocations.  In  the  polycrystalline  AIN/Pt  films  the  dislocations  probably  go  to  the  grain 
boundaries.  Good  piezoelectric  films  were  foimd  to  exhibit  small  rocking  curve  peak  widths. 
These  amount  to  2.4  °  on  Pt,  and  1.2  °  on  sapphire.  The  larger  value  for  AIN/Pt  is  explained  by 
the  larger  peakwidth  of  the  Pt  film  (2.8°).  It  was  observed  that  stress  and  piezoelectricity  are 
controlled  by  the  special  growth  mode  resulting  from  the  applied  process.  After  a  thin  nucleation 
layer,  the  diameters  of  (001)  columns  are  kept  constant  throughout  the  film  thickness.  The  good 
piezoelectricity  allows  the  conclusion  that  one  polarity  of  (001)  planes  is  energetically  more 
favorable  than  the  other  polarity. 

The  longitudinal  piezoelectric  d33,f  coefficient  has  been  measured  by  double  side 
interferometiy  [6].  This  coefficient  for  rigidly  clamped  films  corresponds  to  j  =  ^33  /cf^  ■  The 

best  films  exhibited  values  in  the  range  of  3.5  to  3.9  pmA^.  The  latter  number  corresponds  to  the 
theoretical  maximum  as  derived  from  single  crystal  film  data.  For  most  MEMS  applications,  the 
transverse  piezoelectric  coefficient  ^31,/ =^31 -C2^^33/c^  is  more  important.  This  one  was 

measured  by  means  of  a  cantilever  bending  experiment  [7].  The  best  films  exhibited  values  of 
1.0  Cm*^.  The  theoretical  limit  is  calculated  as  1.07  Cm'^.  The  relative  dielectric  constant 
amounted  to  10.5.  The  dielectric  loss  tangent  tan5  was  quite  small  (0.001  to  0.003). 

FABRICATION  OF  RESONATORS 

TFBAR  and  SMR  resonators  have  been  fabricated  on  100  mm  Si(lOO)  wafers.  The 
reflector  stack  of  the  SMR  consisted  of  5  pairs  of  AIN  and  Si02  thin  films  designed  for  2.15  GHz 
center  fi-equency.  The  1.35  pm  thick  AIN  film  is  the  high-impedance  material,  the  0.69  pm  thick 
Si02  film  the  low  impedance  material  (see  fig.  3).  All  the  films  were  sputter  deposited  in  a  single 
run.  The  processes  were  optimized  for  a  zero  overall  stress;  i.e.  the  compressive  stress  of  the 
Si02  films  was  compensated  by  a  tensile  stress  in  the  AIN  films.  On  top  of  the  last  Si02  layer,  a 
100  nm  thick  Pt  film  was  added  with  a  10  nm  thick  Ta  adhesion  layer  and  patterned  by  ion 
milling.  The  active  1.7  pm  thick  AIN  film  was  grown.  50  nm  thick  A1  top  electrodes  were 
thermally  evaporated  and  patterned  by  lift-off.  Finally,  the  contacts  to  the  bottom  electrodes  were 
opened  by  wet  etching  in  pure  H3PO4  at  95  °C.  Figure  2  shows  a  top  view  of  the  SMR  device. 

The  TFBAR  fabrication  started  with  the  deposition  of  the  membrane  layer.  This  one  was 
composed  of  a  0.65  pm  thick  thermal  oxide  and  a  0.2  pm  thick  LPCVD  nitride  deposited  on  both 
wafer  sides.  The  thicknesses  were  chosen  for  obtaining  a  small  total  stress.  Bottom  electrodes, 
the  1.0  pm  thick  AIN  film,  top  electrodes,  and  contact  vias  were  obtained  in  the  same  way  as  for 
the  SMR.  Additionally,  the  nitride  film  was  patterned  on  the  backside  by  dry  etching  to  define 
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Figure  1 :  TEM  and  XRD  characterization  of  an 
AIN  film  grown  on  platinum  (left)  and  an  AIN 
film  grown  on  sappWre  (0001)  crystal  (right): 
a)  TEM  plane  view,  b)  TEM  plane  view 
diffraction  image  c)  XRD  rocking  curves. 
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the  windows  for  membrane  micromachining.  The  liberation  of  the  membranes  was  done  as  the 
last  step.  The  front  side  was  protected  by  PMMA,  the  thermal  oxide  in  the  windows  on  the 
backside  was  removed  by  a  buffered  HF  solution,  the  wafer  was  glued  onto  a  steel  plate,  and  the 
silicon  inside  the  windows  was  removed  in  a  hot  KOH  bath. 


250  |im 


electrodes 


Figure  2:  Schematic  drawing  of  the  cross 
section  of  the  solidly  mounted  resonator 
(SMR). 


Figure  3:  Top  view  of  the  SMR. 


NUMERICAL  SIMULATION  AND  CHARACTERIZATION  OF  RESONATORS 

The  one-dimensional  acoustic  wave  equation  was  solved  numerically  for  the  given 
impedances  at  the  two  borders  of  the  AIN  resonator.  The  most  important  of  the  applied  material 
parameters  are  listed  in  table  1  (mostly  single  crystal  data).  For  a  complete  fit  to  the  experimental 
curves,  it  was  necessary  to  add  parasitic  elements  to  the  one-port  resonator:  a  serial  inductance 
Hsi  a  serial  resistance  and  a  parallel  capacity  Cp  between  the  two  contacts.  Rs  clearly 
originated  from  the  resistivity  of  the  electrodes,  and  Ls  from  the  parallel  conductor  lines  between 
contacts  and  resonator. 


Table  1 :  Material  parameters  used  for  curve  fits. 


mass  density  (kg/m^) 

stiffness  Cm  or  cjj'' 
.ffa") 

materials  quality 
factor  Om 

A1N(002) 

3260 

4.2 

2000 

SiOz 

2200 

0.74 

500 

Pt 

21500 

3.47 

200 

Si3N4 

3100 

1.39 

500 

A1 

2700 

1.07 

500 

The  scattering  parameter  Sjj  has  been  measured  with  a  HP  8753D  network  analyzer  and  a 
Cascade  ACP-40  coplanar  probe.  The  quality  factor  was  calculated  from  the  measured 
conductance  curve  as:  ,  where is  the  frequency  of  the  maximum  and  the  denominator 

V-3db 

is  the  peakwidth  at  half  height.  The  coupling  coefficient  was  determined  from  the  measured 


absolute  admittance  in  the  usual  way  from  the  maximum  and  minimum  frequency  f^,  and  4 
respectively:  kj= — .  Furthermore  one  can  also  define  a  coupling  coefficient  of  the  free 

4  fn 


resonator,  which  is  expressed  in  terms  of  the  materials  parameters  used  for  the  curve  fitting: 

2 

— ,  where  €33  is  the  piezoelectric  coefficient,  €33^  the  stiffness  at  constant  D-field,  and 

£33  the  relative  permittivity.  Fig.  3  shows  the  real  and  imaginary  admittance  curves  typically 
obtained  with  the  SMR  devices.  The  quality  factor  amounts  to  350,  the  coupling  coefficient  to 
4.6  %.  The  single  layer  coupling  factor  was  obtained  as  5.0  %,  i.e.  slightly  larger  than  the 
effective  coupling  coefficient  of  the  device.  The  reduction  is  caused  by  the  reflector  stack.  The 
5%  corresponds  well  to  the  measured  ^33^  =e33/cf3of  3.5  pmN  of  the  same  device.  The 
reflection  coefficient  of  the  reflector  stack  was  calculated  to  be  1  (1-R  <  0.0001  at  2.15  GHz)  in  a 
wide  frequency  interval  between  1.7  and  2.6  GHz.  There  are  indeed  no  ripples  observed  in  the 
admittance  up  to  2.6  GHz  (see  fig.  3).  The  TFBAR  structure  exhibited  much  larger  parasitic 
inductances  (^5=0.33  nH)  caused  by  too  long  conductor  lines  between  probe  contacts  and 
resonator.  As  a  consequence,  the  admittance  curve  was  distorted,  was  evaluated  as  4  %  [4], 
whereas  the  free  resonator  amounted  to  only  2.0  %. 


Frequency  [MHz] 


Figure  3: 

Imaginary  and  real  part  of  the  admittance 
of  an  SMR  device.  Full  line:  measured; 
dashed  line:  calculated  (Rs=4.6  Ohm, 
Cp=0.09  pF,  Ls=0.08  nH,  £33=10.5, 
tan5=0.002). 
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Figure  4: 

Relative  temperature  drift  of  the 
resonator  frequency. 
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The  TFBAR  did  not  show  any  measurable  temperature  drift,  i.e  TCF=0.0  ppm/K.  The 
negative  TCF  of  the  AIN,  Si3N4  and  Pt  layers  was  completely  compensated  by  the  positive 
coefficient  of  the  SiOi  layer.  This  one  was  etched  away  in  buffered  HF  to  determine  the  TCF 
of  the  remaining  layers  dominated  by  AIN.  This  time,  the  TCF  amounted  to  -33  ppm/K.  The 
SMR  device  yielded  a  temperature  drift  in  between  the  two  TFBAR  results:  -18  ppm/K  (see 
fig.  4).  This  can  be  explained  by  the  fact  that  the  Si02  volume  in  the  TFBAR  structure  (50  %) 
is  much  larger  than  in  the  SMR  structure  (less  than  30  %). 

DISCUSSION  AND  CONCLUSIONS 

The  microstructure  of  AIN  thin  films  is  very  much  nucleation  controlled.  It  is  thus 
important  to  work  with  textured  electrode  films  that  are  able  to  seed  the  (001)  orientation  of  the 
AIN  Wurtzite  structure.  SMR  performance  shows  that  the  integrated  AIN  layer  arrives  almost  at 
the  single  crystal  coupling  coefficient  of  6.1  %.  The  reflector  stack  reduced  the  free  coupling 
coefficient  by  0.4  %.  The  value  of  the  antiresonance  frequency  was  very  well  predicted  using  the 
single  crystal  parameters  of  table  1.  This  means  that  the  stiffness  of  the  columnar 
polycrystalline  AIN  film  was  like  that  of  a  monocrystalline  film.  It  was  not  possible  to  obtain 
hard  numbers  for  the  quality  factors  of  the  involved  materials,  because  the  damping  by  the 
parasitic  elements  dominated.  The  best  figures  of  merit  Q-k^  were  obtained  with  SMR  devices 
and  amounted  to  typically  1 6.  The  TFBAR  devices  showed  a  less  good  performance.  The  smaller 
piezoelectricity  of  the  active  AIN  layer  is  thought  to  be  due  to  residues  of  the  bottom  electrode 
patterning  process.  TFBAR’s  appear  to  be  more  prone  to  parasitic  resonances  [4].  However,  the 
TCF  of  the  TFBAR  is  exceptionally  low.  The  zero  TCF  cannot  be  achieved  so  easily  with  the 
SMR  structure,  as  the  SiOa  thickness  is  defined  by  acoustic  requirements. 
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ABSTRACT 

New  piezoelectric  power  devices  -such  as  ultrasonic  motors,  piezoelectric  actuators  and 
piezoelectric  transformers-  have  been  studied  intensively  in  recent  years.  The  piezoelectric 
ceramics  in  these  devices  are  often  subjected  to  a  high  level  of  vibration,  and  the 
electromechanical  characteristics  of  piezoelectric  ceramics  at  high  vibration  levels  vary  when 
changes  in  vibration  level  are  accompanied  by  changes  in  temperature.  The  effects  of 
temperature  and  of  vibration  level  on  specific  electromechanical  characteristics  of  typical 
piezoelectric  ceramics  were  therefore  separated  by  using  two  measurement  methods:  the 
continuous-voltage-wave  method,  which  results  in  an  increased  temperature;  and  the  burst- 
voltage-wave  method,  which  does  not.  The  elastic,  dielectric  and  piezoelectric  constants  were 
found  to  be  sensitive  to  temperature  but  comparatively  insensitive  to  vibration  level. 

Mechanical  loss,  however,  was  found  to  be  a  ftinction  of  both  temperature  and  vibration  level. 

INTRODUCTION 

Intensive  development  efforts  devoted  to  new  piezoelectric  power  devices  -such  as 
ultrasonic  motors,  piezoelectric  actuators  and  piezoelectric  transformers-  have  been  underway 
in  recent  years.  Piezoelectric  ceramic  transducers,  which  are  often  driven  at  a  resonant  mode 
with  a  hi^  vibration  level,  are  used  in  these  devices.  It  has  been  reported  that  the 
electromechanical  characteristics  of  piezoelectric  ceramic  transducers  show  nonlinear  behavior 
when  the  transducers  are  subjected  to  a  strong  electric  field  [1]  or  a  high  stress  field  at  an  off- 
resonant  mode  [2].  It  has  also  been  shown  that  electromechanical  characteristics  of  the 
transducer  show  nonlinear  elRfects  when  the  transducer  is  driven  at  a  resonant  mode  with  a  high 
level  of  vibration  [3],  [4].  The  performance  of  power  devices  will  therefore  be  affected  by  the 
nonlinear  effect  of  the  transducer  firom  which  they  are  fabricated.  The  exact  nature  of  the 
nonlinear  effect  observed  when  the  transducer  is  driven  at  a  resonant  mode  has  not  yet  been 
thoroughly  studied,  however,  because  a  measuring  method  that  can  be  used  to  evaluate 
electromechanical  characteristics  at  a  high  level  of  vibration  has  not  yet  been  established. 

The  electromechanical  characteristics  of  a  piezoelectric  transducer  are  generally  evaluated 
by  using  a  constant- voltage  method  to  measure  the  admittance  at  various  frequencies  around  its 
resonance  frequency.  But  because  the  resonance  admittance  measured  this  way  is  unstable 
when  the  transducer  is  driven  at  a  high  level  of  vibration,  we  cannot  evaluate  Ae 
electromechanical  characteristics  at  high  vibration  levels.  Hirose  et  al.  have  developed  a 
constant-current  method  that  makes  possible  to  measure  the  admittance  even  at  resonance  [5], 
and  we  have  used  that  method  to  study  vibration-level  characteristics  of  electromechanical 
responses  in  the  various  piezoelectric  ceramics  [6]-[13].  That  method,  however,  is  invariably 
associated  with  an  increase  in  the  temperature  of  the  transducer  because  the  transducer  is 
continuously  driven  during  the  measurement.  The  results  obtained  therefore  reflect  both  the 
temperature  effect  and  vibration-level  effect.  Umeda  et  al.  have  recently  estimated  the  pure 
vibration-level  effect  by  using  a  burst-voltage-wave  method  that  does  not  increase  the 
temperature  of  the  transducers  [14]. 

The  work  described  in  the  present  paper  attempted  to  separate  the  temperature  effect  and  the 
vibration-level  effect  on  specific  electromechanical  characteristics  [15].  It  used  two 
measurement  methods:  a  continuous- voltage-wave  method  that  is  based  on  the  principle  of  a 
constant-current  control  and  increases  the  transducer  temperature;  and  the  burst- voltage- wave 
method,  which  does  not  increase  transducer  temperature.  Three  kinds  of  piezoelectric  ceramics 
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were  used  as  specimens:  a  typical  hard  lead  zirconate  titanate  PZT,  a  typical  soft  PZT  and  an 
improved  hard  PZT.  The  results  will  be  useful  for  designing  high-power  piezoelectric  devices 
and  are  expected  to  provide  guidelines  for  developing  new  ceramic  materials  capable  of 
withstanding  higher  driving  powers. 

EXPERIMENT 

Specimens 


Three  kinds  of  lead  zirconate  titanate  PZT-based  ceramics  were  used  as  specimens:  N21,  N8 
and  N8 1 .  N21  and  N8  (Tokin  Corp.)  are  respectively  typical  soft  and  hard  PZTs.  N8 1 ,  with  the 
composition  0.1Pb(Mni/3Sb2/3)03-0.47PbZr03-0.43PbTi03 ,  is  a  hard  PZT  newly  developed  for 
use  in  high-power  piezoelectric  transformers  [12].  Values  of  density  p ,  elastic  compliance  sn^, 
dielectric  cons^t  £  33^,  piezoelectric  constant  d3i  and  mechanical  quality  factor  Qm  for  each 
specimen  are  listed  in  Table  I.  Electromechanical  characteristics  were  measured  at  a  low  level 
of  vibration  where  these  values  are  insensitive  to  vibration  level. 

The  elastic  compliance,  dielectric  constant  and  piezoelectric  constant  of  a  soft  PZT  are 
larger  than  those  of  a  hard  PZT,  but  the  mechanical  quality  factor  of  a  soft  PZT  is  lower  than 
that  of  a  hard  PZT.  N81  seems  to  be  a  common  piezoelectric  material,  since  its  piezoelectric 
constant  is  relatively  small.  As  will  be  shown  later,  however,  N81  is  an  excellent  material  for 
high-power  use. 

Electromechanicd  characteristics  were  measured  on  the  fundamental  length  expansion 
vibration  mode  of  piezoelectric  transverse  effect.  Figure  1(a)  shows  a  rectangular  plate 
specimen  transducer  43  mm  long,  7  mm  wide  and  1  mm  tMck.  The  major  surfaces  of  the 
tr^sducer  were  electroded  with  sintered  silver  film  and  were  poled  along  the  thickness 
direction.  The  centers  of  the  tr^sducer  was  sandwiched  between  the  tips  of  two  metal  cones 
and  electrical  power  was  supplied  to  the  transducer  through  the  tips.  The  temperature  of  the 
tr^sducer  was  measured  by  a  thin  thermocouple  buried  in  one  of  the  metal  tips.  The 
distributions  of  vibration  velocity  v  and  vibration  stress  T  for  the  transducer  vibrating  with 
fundamental  length  expansion  mode  are  shown  schematically  in  Fig.  1(b) .  The  v  values  are 
greatest  at  the  ends  of  the  transducer  and  smallest  (v=0)  at  the  center.  Maximum  vibration 
velocity  was  measured  by  using  a  laser  Doppler  vibrometer  LDV.  The  T  values,  on  the  other 
h^d,  are  greatest  (T= Tm)  at  the  center  and  smallest  (T=0)  at  the  ends.  The  electrical  equivalent 
circuit  of  the  transducer  is  shown  in  Fig.  1(c),  where  Lm,  Cm,  Rm  and  Ca  are  respectively  the 
equiv^ent  motional  inductance,  motional  capacitance,  motional  resistance  and  damped 
capacitance.  The  values  of  m,  s  and  r  mean  equivalent  mass,  elastic  stiffoess  and  mechanical 
resistance,  and  A  means  force  factor. 

Continuous-Voltage-Wave  Drive  Method 

Oriy  the  key  points  of  the  measurement  method  for  the  continuous-voltage-wave  drive  will 
be  briefly  described  here.  The  detmls  are  given  in  ref.  5.  The  constant-current  control  circuit 
shown  in  Fig.  2  is  used  in  the  continuous-voltage-wave  drive  method.  Motional  admittance  Ym 

Table  I  Material  constants  for  piezoelectric  ceramics  measured  at  a  low  vibration-level. 


\  Materials 

Constants  \ 

N21  N8  N81 

Density  p  (XlO^kg/m^) 

Elastic  compliance  sn^  ( X  10'’^  m^/N) 
Dielectric  const.  £  33''‘ 

Piezoelectric  const,  -dsi  (pC/N) 
Mechanical  quality  factor  Qm 

7.82  7.93  8.01 

16.3  11.8  8.7 

1880  1010  480 

198  122  59 

63  1450  1650 
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Fig.  2.  Block  diagram  of  the  constant-current 
control  circuit. 


Fig.  1 .  (a)  Specimen  transducer,  (b)  distribution  of  vibration  velocity  v  and  vibration  stress  T 
of  the  transducer  and  (c)  the  electrical  equivalent  circuit  of  the  transducer. 


around  the  resonance  frequency  is  measured.  Damped  current  Id  is  compensated  with  the 
current  Ic  for  the  standard  capacitance  Cs  by  a  differential  amplifier  DIFF.  The  output  voltage 
Uo  is  therefore  proportional  to  the  motional  current  Im  (Im  is  proportional  to  the  vibration 
velocity),  where  Ae  L  is  always  kept  constant  by  an  automatic  voltage  gain  controller  AGC, 
though  Yra  varies  with  input  electrical  signal  frequency.  Thus  the  frequency  characteristics  of 
Ym  are  finally  observed  as  the  frequency  characteristics  of  input  electric  voltage  Ud. 

Distortion  in  Ym  occurs  when  transducers  are  driven  at  a  high  vibration-level  by  a 
conventional  constant-voltage  circuits  and  this  distortion  interferes  with  the  accurate 
measurement  of  electromechanical  characteristics.  The  constant-current  control  circuit, 
however,  produces  no  distortion  in  the  Ym  of  the  transducer  even  when  the  transducer  is  driven 
at  a  high  vibration-level. 

An  individual  electrical  equivalent  circuit  constant  and  Qm  are  determined  from  the 
measurements  of  Ym ,  Im  and  effective  vibration  velocity  v.  Then  force  factor  A,  elastic 
compliance  sn^,  dielectric  constant  c  33^  and  maximum  vibration  stress  Tm  are  determined 
according  to  the  following  relations: 


(1) 


1 


(2) 
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(3) 


(4) 


where  co  o  is  the  resonant  angular  frequency  and  e  o  is  the  dielectric  constant  in  vacuum.  The 
values  of  a,  b  and  d  respectively  are  length,  width  and  thickness  of  the  transducer. 

The  temperature  of  the  transducer  increases  with  measurement  time  and  then  gradually 
converges  on  its  saturation  point  as  heat  generation  and  heat  radiation  reach  equilibrium.  This 
saturation  temperature  is  defined  here  as  the  transducer  temperature,  and  all  electromechanical 
characteristics  were  evaluated  at  the  saturation  temperature. 

Burst-Voitage-Wave  Drive  Method 

The  principle  of  the  measurement  method  for  the  burst-voltage-wave  drive  can  be  briefly 
expired  by  ^ing  Fig.  3.  The  details  can  be  found  in  ref.  14.  When  a  burst  voltage  wave 
e^osin  (o  ot  with  a  resonant  angular  frequency  ca  o  is  applied  to  the  transducer,  the  current  i  and 
vibration  velocity  v  gradually  increase  with  time  t.  After  the  amplitude  of  v  reaches  a 
sufficiently  large  amplitude  level,  the  electrical  terminals  of  the  transducer  are  shunted.  Then 
both  i  and  v  decay  exponentially  with  time  as  described  by  the  following  relations: 

i=i>xp(-6t)sino)^f  ,  (5) 


K=^;,exp(-6^)sino)^^  j  (6) 


where  5  is  a  damping  constant. 

The  values  of  A  and  Qm  are  determined  by  measuring  the  decay  curves  of  i  and  v  and  using 
the  following  relations: 


A-^ 


1 


V 


(7) 


; 


(8) 
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(9) 


In(^) 

^‘t2 

ti~t2 


where  in  and  it2  are  respectively  the  currents  at  t==ti  and  t=t2. 

In  this  experiment  the  burst  voltage  wave  with  the  cycle  number  n=50  and  eo=150  V  was 
applied  to  N21  transducer,  and  the  burst  voltage  wave  with  n=200  and  eo=45  V  was  applied  to 
both  the  N8  and  N81  transducers. 


Fig.  4.  Temperature  rise  AT  versus 
maximum  vibration  stress  Tm. 


Fig.  3.  Scheme  to  explain  the  principle  of  the 
burst-voltage-wave  drive  method 

RESULTS  AND  DISCUSSION 


Temperature  Rise  of  the  Transducer 

The  temperature  of  a  transducer  continuously  driven  at  a  high  level  of  vibration  increases 
because  of  the  heat  produced  within  the  transducer,  and  the  temperature  rise  AT  essentially 
determines  the  upper  limit  of  the  vibration  level  at  which  the  transducer  can  be  put  to  practical 
use.  The  value  of  AT  at  the  center  of  the  transducer  is  shown  in  Fig.  4  as  a  function  of  the 
maximum  vibration  stress  Tm.  The  AT  goes  up  sharply  when  Tm  exceeds  a  certain  value  which 
depends  on  the  ceramic  composition.  The  certain  Tm  value  is  smaller  for  the  soft  PZT  (N21) 
than  hard  PZTs  (N8  and  N81).  Of  the  three  materials  examined  here,  N81  is  therefore  the  best 
for  high  power-use.  It  has  been  shown  that  the  temperature  rise  is  caused  by  the  dissipated 
vibration  power  Pd  which  is  represented  as  follows  [9]: 


(10) 
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(11) 


sfJl 


; 


where  U  is  the  elastic  energy  stored  at  the  transducer  As  will  be  shown  later,  Qm  decreases  with 
increasing  vibration  level  while  sn^  is  kept  almost  constant.  This  Qm  decrease  provides  the 
increase  in  Pd  and  causes  the  sharp  increase  in  the  temperature  of  the  transducer. 

When  the  burst-voltage-wave  drive  is  used,  AT=0  even  at  a  high  vibration  level  because  the 
vibration  time  is  less  than  0.1s  and  the  measurement  is  completed  before  the  temperature  of  the 
transducer  can  increase. 

Vibration-Level  Dependence  of  the  Electromechanical  Characteristics 

Figure  5  shows  the  Tm  dependence  of  mechanical  loss  factor  Qm'^ ,  which  is  the  reciprocal  of 
mechanical  quality  factor  Qm.  It  can  be  seen  that  the  Qm’^  for  N21  is  an  order  of  magnitude 
larger  than  the  Qm‘'of  N8  or  N81 .  This  large  Qm*’  is  the  reason  that  the  shaip  increase  in  the 
temperature  ofN21  is  observed  at  a  relatively  low  vibration  level.  The  Qm'’ values  for  both  N8 
^d  N81  are  less  than  0.1%  at  low  vibration  levels.  It  is  seen,  however,  that  these  values,  like 
AT,  go  up  sharply  when  Tm  exceeds  a  certain  level.  The  shapes  of  Qm*’-versus-Tm  curves  differ 


Fig.  6.  The  normalized  change  in  Qm’’  as  a 
function  of  maximum  vibration  stress  Tm. 


of  mechanical  loss  factor  Qm"'  to  maximum  vibration  stress  Tm  for  (a)  the 
soft  PZT  and  (b)  the  hard  PZT. 
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between  the  continuous  and  burst  drives,  and  we  assume  that  the  curves  for  burst  drive  show 
the  pure  vibration-level  effect  since  this  drive  method  is  not  accompanied  by  a  temperature  rise. 
The  results  obtained  using  the  continuous  drive,  on  the  other  hand,  probably  reflect  a 
temperature  effect  in  addition  to  a  vibration-level  effect. 

The  change  in  Qm’’  produced  by  a  burst  drive  is  plotted  as  a  function  of  Tm  in  Fig.  6  after 
normalization  by  the  value  of  Qm*'  at  a  low  vibration  level  where  Qm"'  is  insensitive  to  Tm.  This 
plot  of  AQ-VQo‘‘  against  Tm  suggests  that  the  Qm*'  for  N8  and  N81  can  be  expressed 
approximately  by  the  following  empirical  formula  [3]: 


0.'-o;'{uaO  ; 


(12) 


where  a  is  a  nonlinear  proportional  constant.  The  value  of  a  is  larger  for  N8  than  for  N81, 
which  means  that  vrith  increasing  vibration  level  the  rate  of  increase  in  Qm*'  is  larger  for  N8 
than  for  N8 1 .  That  is,  the  smaller  a  is  the  better  the  material  is  for  high-power  use. 

The  relation  of  the  force  factor  A  to  Tm  is  shown  in  Fig  7.  The  value  of  A  seems  to  be 
insensitive  to  the  vibration-level.  Relatively  large  change  in  A,  which  is  seen  for  the  continuous 
drive,  is  nothing  but  the  temperature  effect. 

The  relations  of  elastic  compliance  sn^,  dielectric  constant  f  33^  and  piezoelectric  constmt 
dsi  to  Tm  are  shown  in  Figs.  8, 9  and  10.  It  is  clear  that  all  the  material  constants  measured  in 
this  study  are  almost  independent  of  vibration  level,  though  they  are  sensitive  to  temperature. 


z 


Fig.  8.  Elastic  compliance  sn^  versus 
maximum  vibration  stress  Tm  for  (a) 
the  soft  PZT  and  (b)  the  hard  PZTs. 


Fig.  7.  Force  factor  A  versus  maximum 
vibration  stress  Tm  for  (a)  the  soft  PZT 
and  (b)  the  hard  PZTs. 
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Fig.  9  Dielec^c  constant  £  33^  versus  Fig.  10.  Piezoelectric  constant  dai  versus 

maximum  vibration  stress  Tm  for  (a)  maximum  vibration  stress  Tm  for  (a) 

the  soft  PZT  and  (b)  the  hard  PZTs.  the  soft  PZT  and  (b)  the  hard  PZTs. 

Separation  of  the  Temperature  Effect  and  Vibration-Level  Effect 


^e  effect  of  vibration  level  on  the  electromechanical  characteristics  was  evaluated  at 
various  temperatures  by  using  the  burst-voltage-wave  drive  method,  which  itself  causes  no 
increase  m  temperature.  Plots  of  Qm’*  against  T„,  are,  for  N8,  shown  in  Fig.  1 1 ,  where  is  also 
shown  a  corresponding  plot  of  the  data  obtained  using  the  continuous-voltage-wave  drive 
method,  which  produced  an  increase  in  temperature  at  a  high  vibration  level.  (The  AT  in  this 
figure  is  the  difference  between  room  temperature  and  the  temperature  of  the  transducer.)  It  is 
clear  that  the  Qm  '“Vs-Tm  curves  for  the  burst  drive  simply  shift  upward  with  increasing 
ternperature.  The  similarity  of  their  slopes  suggests  that  the  sharp  increase  in  Qm’’  observed  at  a 
hi^  vibration  level  when  the  continuous  drive  is  used  results  from  the  temperature  effect  in 
addition  to  the  vibration-level  effect. 

■3  between  A  and  Tm  and  between  dsi  and  Tm  for  N8  are  shown  in  Figs.  12  and 

the  relation  between  Qm"'  and  Tm,  both  these  relations  obtained  using  the  burst  drive 
shift  upw^d  with  increasmg  temperature.  It  thus  seems  that  the  increases  in  A  and  dsi,  that  are 
seen  at  a  high  vibration  level  when  the  continuous  drive  is  used  also  result  from  the  increase  in 
transducer  temperature  during  the  measurement. 
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Fig.  11.  Temperature  dependence  of  the 
relation  between  mechanical  loss  factor 
Qm‘*  and  maximum  vibration  stress 
Tm  for  the  transducer  composed  of  N8. 


Fig.  12.  Temperature  dependence  of  the 
ralation  between  force  factor  A  and 
maximum  vibration  stress  Tm  for  the 
transducer  composed  of  N8. 


Fig.  13.  Temperature  dependence  of  the 
ralation  between  piezoelectric  constant 
dsi  and  maximum  vibration  stress  Tm 
for  the  transducer  composed  of  N8. 


CONCLUSIONS 

The  vibration-level  characteristics  of  electromechanical  responses  for  three  kinds  of 
piezoelectric  ceramics  based  on  PZT  -N21,  N8  and  N81-  were  studied  using  two  measurement 
methods.  The  continuous-voltage-wave  drive  method,  produced  an  increase  in  transducer 
temperature,  but  the  burst-voltage-wave  drive  method  did  not.  The  mechanical  loss  factor  Qm*’ 
was  found  to  change  markedly  with  changes  in  vibration  level,  whereas  the  force  factor  A, 
elastic  compliance  sn^,  dielectric  constant  €  33^  and  piezoelectric  constant  d3i  were 
comparatively  insensitive  to  the  changes  in  vibration  level. 

When  the  continuous-voltage-wave  drive  was  used,  the  transducer  temperature  increased 
sharply  at  a  high  vibration  level,  and  this  increase  was  due  to  a  increased  Qm''.  The  values  of  A, 
sii^,  £  33^  and  d3i  all  changed  with  increases  in  vibration  level  when  the  transducer  was  driven 
continuously,  but  these  changes  were  found  to  be  caused  by  the  increase  in  transducer 
temperature. 
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Of  the  three  materials  examined  here,  N81  was  the  best  for  high-power  use. 
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ABSTRACT 

Losses  in  piezoelectrics  are  considered  in  general  to  have  three  different  mechanisms;  dielectric, 
mechanical  and  piezoelectric  losses.  This  paper  deals  with  the  phenomenology  of  losses,  first,  then 
how  to  measure  these  losses  separately  in  experiments. 

INTRODUCTION 

Loss  or  hysteresis  in  piezoelectrics  exhibits  both  merits  and  demerits.  For  positioning  actuator 
applications,  hysteresis  in  the  field-induced  strain  provides  a  serious  problem,  and  for  resource 
actuation  such  as  ultrasonic  motors,  loss  generates  significant  heat  in  the  piezoelectric  materids. 
Further,  in  consideration  of  the  resonant  strain  amplified  in  proportion  to  a  mechanical  quality 
factor,  low  (extrinsic)  mechanical  loss  materials  are  preferred  for  ultrasonic  motors  [1-3].  On  the 
contrary,  for  force  sensors  and  acoustic  transducers,  high  mechanical  loss,  which  corresponds  to  a 
low  mechanical  quality  factor  Qm,  is  essential  to  widen  a  frequency  range  for  receiving  signals. 

However,  not  much  research  effort  has  been  put  into  systematic  studies  of  the  loss  mechanisms 
in  piezoelectrics,  particularly  in  high  voltage  and  high  power  range  [4-6].  Since  not  many 
comprehensive  descriptions  can  be  found  in  previous  reports  [7],  this  paper  will  clarify  the  loss 
mechanisms  in  piezoelectrics  phenomenologically,  first,  then  how  to  measure  these  losses 
separately  in  experiments. 

GENERAL  CONSIDERATION  OF  LOSS  AND  HYSTERESIS 
Extrinsic  Losses 

We  will  start  from  the  Gibbs  free  energy  G  in  a  piezoelectric  material  expressed  by 

dG  =  -xdX-DdE-SdT,  (1) 

and 

G  =  -  (1/2)  sE  x2  -  d  X  E  -  (1/2)  e^£0  E^.  (2) 

Here,  x  is  strain,  X,  stress,  D,  electric  displacement,  E,  electric  field,  S,  enthalpy  and  T  is  temperature. 
Equation  (2)  is  the  energy  expression  in  terms  of  intensive  physical  parameters  (externally 
controllable  parameters)  X  and  E.  Temperature  dependence  is  carried  into  the  elastic  compliance 
sE,  the  dielectric  constant  and  the  piezoelectric  constant  d.  We  will  obtain  the  following  two 
piezoelectric  equations: 

x  =  -(3G/aX)  =  sEx-i-dE,  (3) 

D  =  -  (dG/dE)  =  d  X  +  e^eo  E  .  (4) 

Note  that  thermodynamical  equations  and  the  consequent  piezoelectric  equations  (Eqs.  (  l)-(4)) 
cannot  yield  a  loss,  without  taking  into  account  irreversible  thermodynamic  equations  or  dissipation 
functions,  in  general.  However,  the  latter  considerations  are  mathematically  equivalent  to  the 
introduction  of  complex  physical  constants  into  the  phenomenological  equations,  if  the  loss  can  be 
treated  as  a  perturbation. 
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Therefore,  we  will  rnttoduce  complex  parameters  e^*,  s^*,  and  d*  in  order  to  consider  the 
hysteresis  losses  in  electric,  elastic  and  piezoelectric  coupling  energy : 

eX*  =  eX(i -jtan5’),  (5) 

sE*_sE(i  .jtan(|)’),  (6) 

d*  =  d  (1  -  j  tan  0’).  (7) 

Note  that  the  negative  connection  in  Eqs.  (5)-(7)  come  from  the  time  “delay.”  0’  is  the  phase 
delay  of  the  sttain  under  an  applied  electric  field,  or  the  phase  delay  of  the  electric  displacement 
under  an  applied  stress.  Both  delay  phases  should  be  exactly  the  same  if  we  introduce  the  same 
complex  piezoelectric  constant  d’*'  into  Eqs.(3)  and  (4).  8’  is  the  phase  delay  of  the  electric 
displacement  to  an  applied  electric  field  under  a  constant  stress  (i.e.,  zero  stress)  condition,  and  (})’  is 
the  ph^e  delay  of  the  strain  to  an  applied  stress  under  a  constant  electric  field  (i.e.,  short-circuit) 
condition.  We  will  consider  these  phase  delays  as  "extrinsic"  losses. 

Figures  1(a)  -  1(d)  correspond  to  the  model  hysteresis  curves  for  practical  experiments:  D  vs.  E 
curve  under  a  stress-free  condition,  x  vs.  X  under  a  short-circuit  condition,  x  vs.  E  under  a  stress- 
free  condition  and  D  vs.  X  under  an  open-circuit  condition  for  measuring  charge  (or  under  a  short- 
circuit  condition  for  measuring  current),  respectively. 

The  stored  energies  and  hysteresis  losses  for  pure  electrical  and  mechanical  energies  can  be 
calculated  as: 

Ue  =  (l/2)eXeoEo2, 
we=  Jt  eXeq  Eo^  tan  ^ 

Uni  =  (l/2)sExo2 
wm=  7C  sE  Xo^  tan  (})’ 

The  electromechanical  loss,  when  measuring  the  induced  strain  under  an  electric  field,  is  more 
complicated,  because  the  field  vs.  strain  domain  cannot  be  used  for  directly  calculating  the  energy. 
Let  us  calculate  the  stored  energy  Uem  during  a  quarter  electric  field  cycle  (i.e.,  0  to  Eo) ,  first : 


(8) 

(9) 

(10) 
(11) 


Fig.l  (a)  D  vs.  E  (stress  free),  (b)  x  vs.  X  (short-circuit),  (c)  x  vs.  E  (stress  free)  and 
(d)  D  vs.  X  (open-circuit)  curves  with  a  slight  hysteresis  in  each  relation. 
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(12) 


Uem  =  -  J  X  dX  =  (1/2)  (xq^/sE)  =  (1/2)  (dEo)2/sE 
=  (1/2)  (d2/sE)Eo2 

Replacing  d  and  sE  by  d*  =  d  (1  -  j  tan  9’)  and  sE*  =  sE(l  -  j  tan  (])’),  we  obtain 

Uem  =  (l/2)(d2/sE)Eo2  (13) 

and 

wem  =  ^  (d^/  s^)  EO^  (2  tan0’  -  tan(|)’),  ( 14) 

Note  that  the  strain  vs.  electric  field  measurement  seems  to  provide  the  piezoelectric  loss  tan0’ 
directly,  however,  the  observed  loss  should  include  an  additional  elastic  loss  because  the  strain 
should  be  delayed  to  the  initial  stress,  which  is  needed  to  calculate  energy. 

Similarly,  when  we  measure  the  induced  charge  under  stress,  the  stored  energy  Ume  ^d  the 
hysteresis  loss  Wme  during  a  quarter  and  a  full  stress  cycle,  respectively,  are  obtained  as 

Ume  =  (l/2)(d2/EOeX)Xo2  (15) 

and 

Wme  =  (d2/  eqe^)  Xq^  (2  tan0’  -  tan5’).  ( 1 6) 

Hence,  from  the  measurements  of  D  vs.  E  and  x  vs.  X,  we  obtain  tan5’  and  tant])’,  respectively, 
and  either  the  piezoelectric  (D  vs.  X)  or  converse  piezoelectric  measurement  (x  vs.  E)  provides  tan 
0’  through  a  numerical  subtraction. 

Intrinsic  Losses 

So  far,  we  discussed  the  “extrinsic”  electric,  mechanical  and  piezoelectric  losses.  In  order  to 
consider  real  physical  meanings  of  the  losses,  we  will  introduce  the  “intrinsic”  losses.  ^  When  we 
start  from  the  energy  expression  in  terms  of  extensive  physical  parameters  (material’s  intrinsic 


parameters)  x  and  D,  that  is, 

dA  =  Xdx  +  EdD-SdT,  (17) 

we  can  obtain  the  piezoelectric  equations  as  follows: 

X  =  (0A/3x)  =  cE>x-hD,  (18) 

E  =  (9A/0D)  =  -hx  +  KXKoD .  (19) 

We  introduce  the  intrinsic  electric,  mechanical  and  piezoelectric  losses  as 

kX*  =  kX  ( 1  +  j  tan  5),  (20) 

cD*  =  cE^  (1  +  j  tan  ({)),  (21) 

h*  =  h  (1  +  j  tan  0).  (22) 


It  is  notable  that  the  permittivity  under  a  constant  strain  (i.  e.,  zero  strain  or  completely  clamped) 
condition,  fiX*  and  the  elastic  compiance  under  a  constant  electric  displacement  (i.  e.,  open-circuit) 
condition,  s^^*  can  be  provided  as  an  inverse  value  of  kX*  and  c^^*,  respectively.  Thus,  using  the 
exactly  the  same  losses  in  Eqs.  (20)  and  (21), 

gx*  =  eX(  1  -  j  tan  5),  (23) 

sD*  =  sl^(l  _  j  tan  (|)),  (24) 

We  will  consider  these  phase  delays  again  as  "intrinsic"  losses. 
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Here,  we  consider  the  physical  property  difference  between  the  boundary  conditions;  E  constant 
and  D  constant,  or  X  constant  and  x  constant.  When  an  elecric  field  is  applied  on  a  piezoelectric 
s^nple  as  illustrated  in  the  top  of  Fig.  2,  this  state  will  be  equivalent  to  the  superposition  of  the 
following  two  steps:  first,  the  sample  is  completely  clamped  and  the  field  Eq  is  applied  (pure 

electrical  energy  (1/2)  e^eo  Eq^  is  input);  second,  keeping  the  field  at  Eq,  the  mechanical  constraint 
is  released  (additional  mechanical  energy  (1/2)  (d^/sE)  is  necessary).  The  total  energy  should 
correspond  to  the  total  input  electrical  energy  (1/2)  e^eo  Eq^;  thus,  we  obtain  the  relation, 

eoe^  =  eoex  +  (d2/sE),  ^25) 

Similarly,  from  the  bottom  of  Fig.  2, 

sE  =  sD  +  ((i2/eoeX),  ^26) 

Hence,  we  obtain  the  following  equations: 


eX  /gX  =  (1 .  jf2)^ 

sE>/sE  =  (i-k2), 
where 


(27) 

(28) 


k2  =  d2/(sE  eoeX). 


(29) 


Total  Input 
Electrical  Energy 
=  (1/2)  eoeXeoS 


Total  Input 
Mechanical  Energy 
=  (1/2)  sEXqS 


Electrically 

short-circuited 


Stored 

Electrical  Energy 
=  (1/2)  eoex  EqS 


Mechanically 

clamped 


Stored 

Mechanical  Energy 
=  (1/2)  sDxqS 


Electrically 

open-circuited 


Stored 

Mechanical  Energy 
=  (1/2)  (d2/sE)Eo2 


Electrically 

short-circuited 


Stored 

Electrical  Energy 
=  (1/2)  (d2/eoEX)Xo2 


Polarization 
P  =  dXo 
Inverse  field 
E  =  dXo/eoeX 


Fig.  2  Conceptual  figure  for  explaining  the  relation  between  and  e^,  sE  and  sE>. 
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Similarly, 

kX/kX  =  (1  -  k^),  (30) 

cE/cD=  (l-k2),  (31) 

where 

k2  =  h2/(cJ^  K^KO).  (32) 

This  k  is  called  the  electromechanical  coupling  factor,  and  is  the  same  as  the  k  in  Eq.  (29),  because 
the  equation  d2/(sE  eoe^)  =  h2/(cD  k^kq)  can  be  verified  mathematically.  We  define  the  k  as  a 
real  number  in  this  manuscript. 

In  order  to  obtain  the  relationships  between  the  extrinsic  and  intrinsic  losses,  the  following  three 


equations  are  essential: 

EoeX  =  [kXko  (1  -  h2/(cI3  k^kq))]-!,  (33) 

sE  =  [cD  (1  -  h2/(cE>  kXko))]-!,  (34) 

d  =  [h2/(cD  K^KO)]  [h  (1  -  h2/(cD  k^kq))]  “I.  (35) 

Replacing  the  parameters  in  Eqs.  (33)  -  (35)  by  the  complex  parameters  in  Eqs.  (5)  -  (7),  (20)  - 
(22),  we  obtain  the  relationships  between  the  extrinsic  and  intrinsic  losses; 

tan  5'=  (1/(1  -  k2))[tan  6  +  k2(tan  (()  -  2  tan  0)],  (36) 

tan  <})'=  (1/(1-  k2))[tan  ([)  +  k2(tan  8  -  2  tan  6)],  (37) 

tan  0'=  (1/(1  -  k2))[tan  5  +  tan  <|)  +  (1  +k2)  tan  0],  (38) 


where  k  is  the  electromechanical  coupling  factor  defined  by  either  Eq.  (29)  or  Eq.  (32),  and  here  as 
a  real  number.  It  is  important  that  the  extrinsic  dielectric  and  elastic  losses  are  mutually  correlated 
with  the  intrinsic  dielectric,  elastic  and  piezoelectric  losses  through  the  electromechanical  coupling 
k2,  and  that  the  denominator  (1  -  k;2)  comes  basically  from  the  ratios,  /e^  =  (1  -  k2)  and  s^^/sE  = 
(1  -  k2),  and  this  real  part  reflects  to  the  dissipation  factor  when  the  imaginary  part  is  devided  by  the 
real  part. 

EXPERIMENTAL  RESULTS 

Figure  3  shows  “extrinsic”  dissipation  factors  determined  from  (a)  D  vs.  E  (stress  free),  (b)  x 
vs.  X  (short-circuit),  (c)  x  vs.  E  (stress  free)  and  (d)  D  vs.  X  (open-circuit)  curves  for  a  PZT  based 
soft  multilayer  actuator.  Figure  4  shows  the  result  for  the  piezoelectric  loss  tan0’.  We  used  the 

correlation  factor  between  electric  field  and  compressive  stress  given  averagely  by  X  =  (£oeX/sE)l/2 
E. 

From  Figs.  3  and  4,  we  can  calculate  the  “intrinsic”  losses  as  shown  in  Fig.  5.  Note  that  the 
piezoelectric  losses  tan0’  and  tan0  are  not  so  small  as  previously  believed,  but  comparable  to  the 
dielectric  and  elastic  losses,  and  increase  gradually  with  the  field  or  stress.  The  experimental  details 
will  be  reported  in  the  successive  papers. 

When  similar  measurements  to  Figs.  1(a)  and  l.(b),  but  under  constrained  conditions;  that  is,  D 
vs.  E  under  a  completely  clamped  state,  and  x  vs.  X  under  an  open-circuit  state,  respectively,  we  can 
expect  smaller  hystereses;  that  is,  intrinsic  losses,  tan6  and  tan(j).  These  measurements  seem  to  be 
alternative  methods  to  determine  the  three  losses  separately,  however,  they  are  rather  difficult  in 
practice. 
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Fig.3  Dissipation  factors  determined  from  (a)  D  vs.  E  (stress  free),  (b)  x  vs.  X  (short-circuit),  (c)  x 
vs.  E  (stress  free)  and  (d)  D  vs.  X  (open-circuit)  curves  for  a  PZT  based  actuator. 
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Fig.4  Extrinsic  piezoelectric  dissipation  factor  tanG’  as  a  function  of  electric  field  or  compressive 
stress,  measured  for  a  PZT  based  actuator. 
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Electric  Field  (kV/mm) 


Compressive  Stress  (MPa) 


Fig.5  Intrinsic  loss  factors,  tan5,  tan(j),  and  tan6  as  a  function  of  electric  field  or  compressive  stress, 

measured  for  a  PZT  based  actuator. 


CONCLUSIONS 

Theoretical  and  experimental  techniques  for  measuring  the  extrinsic  and  intrinsic  electric, 
mechanical  and  piezoelectric  coupling  losses  separately  have  been  discussed.  We  found  that  the 
piezoelectric  loss  is  not  so  small  as  believed  by  the  previous  researchers. 

This  research  was  sponsored  by  the  Office  of  Naval  Research  through  the  MURI  program, 
Grant  No.  N00014-96-M 173. 

REFERENCES 

1.  K.  Uchino,  J.  23ieng,  A.  Joshi,  Y.  H.  Chen,  S.  Yoshikawa,  S.  Hirose,  S.  Takahashi  and  J.  W.  C. 
de  Vries,  J.  Electroceramics,  2,  33-40  (1998). 

2.  S.  Takahashi  and  S.  Hirose,  Jpn.  J.  Appl.  Phys.,  32,  2422-2425  (1993). 

3.  S.  Hirose,  M.  Aoyagi,  Y.  Tomikawa,  S.  Takahashi  and  K.  Uchino,  Proc.  Ultrasonics  Int’l  ‘95, 
Edinburgh,  pp.  184-87  (1995). 

4.  K.  H.  Haerdtl,  Ceram.  IntT.,  8, 121-127  (1982). 

5.  P.  Gerthsen,  K.  H.  Haerdtl  and  N.  A.  Schmidt,  J.  Appl.  Phys.  51, 1 131-1 134  (1980). 

6.  J.  Zheng,  S.  Takahashi,  S.  Yoshikawa,  K.  Uchino  and  J.  W.  C.  de  Vries,  J.  Amer.  Ceram.  Soc., 
79,  3193-98  (1996). 

7.  T.  Ikeda,  Fundamentals  of  Piezoelectric  Materials  Science,  (Ohm  Publication  Company,  Tokyo, 
1984),  pp.  83. 


31 


MICROSTRUCTURAL  EFFECTS  ON  PIEZOELECTRIC  CRACKING 


C.C.  FULTONt,  H.  GAO^ 

Division  of  Mechanics  and  Computation,  Stanford  University,  Stanford,  CA  94305-4040 
^fulton@am-sun2.stanford.edu  %ao@am-sun2.stanford.edu 


ABSTRACT 

The  successful  development  of  smart  structures  using  piezoelectric  sensors  and  actuators 
depends  on  a  thorough  characterization  of  the  mechanical  limits  of  these  materials.  How¬ 
ever,  fundamental  discrepancies  between  theoretical  predictions  and  empirical  observations 
of  their  cracking  behavior  hinder  attempts  to  provide  appropriate  design  guidelines.  The 
complex  microstructure  of  a  piezoelectric  ceramic  leads  to  severe  nonlinear  effects  at  the 
crack  tip,  motivating  a  physics-based  investigation  of  the  fracture  mechanics.  Specifically, 
the  switching  and  saturation  that  occur  at  the  level  of  individual  polar  domains  require  a 
multiscale  viewpoint  in  order  to  evaluate  the  conditions  which  control  crack  advance.  We 
introduce  a  model  for  domain  switching  based  on  discrete  electric  dipoles  superimposed  on 
a  homogeneous  medium  with  the  macroscopic  material  properties.  Each  dipole  then  repre¬ 
sents  the  deviation  of  a  given  domain’s  polarization  vector  from  the  linear  constitutive  law. 
Within  this  framework,  we  develop  a  relationship  between  the  apparent  loads  applied  to  a 
cracked  sample  and  the  local  energetic  forces  driving  the  crack.  Shrinking  the  length  scale 
down  to  the  crack  tip  reveals  a  “singularity  conversion” ,  from  the  apparent  combination  of 
stress  and  electrical  intensity  factors  to  purely  mechanical  effective  opening  forces.  Using 
the  energy  release  rate  derived  from  these  local  stress  singularities  to  predict  the  dependence 
of  failure  load  on  applied  electric  field,  we  are  able  to  reproduce  the  trends  observed  in  the 
laboratory. 

INTRODUCTION 

The  limited  range  of  motion  of  piezoceramic  actuators  leads  designers  of  smart  systems 
to  continually  stretch  the  bounds  of  safe  operation,  despite  the  lack  of  a  proven  material 
failure  criterion.  The  integrity  of  piezoelectric  ceramics  is  characterized  by  their  resistance 
to  cracking  under  combined  mechanical  and  electrical  loads;  however,  empirical  observations 
of  fracture  cannot  be  explained  using  conventional  theories.  For  instance,  in  indentation  and 
tension  experiments  performed  on  specimens  of  lead  zirconate  titanate  (PZT)  with  cracks 
perpendicular  to  the  poling  axis,  researchers  have  found  that  the  application  of  an  electric 
field  aligned  with  the  material  poling  direction  promotes  cracking,  while  the  opposite  sense 
of  the  field  inhibits  cracking  [1,  2].  Fatigue  tests  on  PZT  and  lead  lanthanum  zirconate- 
titanate  (PLZT)  have  demonstrated  the  possibility  of  stable  crack  growth  under  purely 
electric  loading  [2,  3,  4].  Linear  fracture  theory,  however,  predicts  that  an  electric  field 
should  inhibit  fracture  irrespective  of  its  sign,  and  that  without  applied  stress  the  energy 
release  rate  is  negative  definite  [5,  6]. 

A  promising  possibility  for  resolving  the  discrepancy  involves  the  consideration  of  non¬ 
linear  material  effects  [7].  Because  piezoceramics  are  brittle  at  room  temperature,  plasticity 
can  be  ignored.  Electrical  nonlinearity,  on  the  other  hand,  plays  a  significant  role  at  the 
microstructural  level,  at  which  domain  switching  and  polarization  saturation  are  evident. 
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We  simulate  these  microstructural  effects  using  an  array  of  discrete  electric  dipoles  superim¬ 
posed  on  a  linear  homogeneous  medium.  In  this  preliminary  investigation,  we  determine  an 
equilibrium  configuration  by  minimizing  the  piezoelectric  enthalpy  generated  by  the  dipole 
interactions.  The  effect  on  the  cracking  behavior  is  to  convert  the  “apparent” ,  or  global,  elec¬ 
trical  and  mechanical  singularities  into  effective  “local”  stress  intensity  factors.  These  local 
values  predict  a  dependence  of  critical  load  on  applied  electric  field  that  agrees  qualitatively 
with  experimental  results. 

LINEAR  SOLUTION 

The  constitutive  behavior  of  a  general  linear  piezoelectric  material  is  described  by  the 
pair  of  coupled  equations 


=  Cijki  Ski  -  eiijEi  (1) 

A  =  eiki  Ski  +  euEi ,  (2) 

where 

1  , 

Ski  =  -  {uk,i  +  ui,k)  (3) 

is  the  strain  tensor  corresponding  to  the  displacement  vector  u; 

El  =  ~~(j)i  (4) 

is  the  electric  field  vector  in  terms  of  the  potential  <j)\  a  is  the  stress  tensor;  and  D  is  the 
electric  displacement  vector.  The  material  constants  are  given  by  the  stiffness  tensor  C,  the 
piezoelectric  coefficients  e,  and  the  dielectric  permittivity  values  e  (measured  at  constant 
strain).  We  adopt  Barnett  and  Lothe’s  [8]  eight-dimensional  Stroh  eigenvalue  formulation  for 
plane  strain  analysis,  as  well  as  their  definition  of  the  4  x  4  real  matrix  Bij.  By  convention 
the  lower-case  Latin  subscripts  range  from  1  to  3,  upper-case  subscripts  range  from  1  to  4, 
and  repeated  Latin  indices  signal  a  sum  over  the  appropriate  range. 

The  problem  of  an  insulated  crack  in  a  linear  piezoelectric  has  been  studied  extensively, 
and  its  solution  is  well  known  [5,  6].  Under  arbitrary  loading  conditions,  the  situation  at 
the  tip  of  a  crack  along  the  xi-axis  is  captured  by  the  four  intensity  factors 

Kj=  \:\m  JQ^x\(72j{x)  K4=  lim  y/^\x\  D2{x) .  (5) 

a;-»0  a;-^0 

The  energy  release  rate  is  defined  as  the  change  in  the  solid’s  piezoelectric  enthalpy  W  with 
crack  area  A: 


where 

yV  =  ^J{a:3-D^E)dV. 

Using  a  J-integral  or  crack  closure  analysis,  the  driving  force  is  found  to  be 


(6) 

(7) 


1 


As  mentioned  at  the  outset,  for  a  crack  perpendicular  to  the  poling  of  a  transversely  isotropic 
sample,  the  energy  release  rate  in  (8)  predicts  an  even  dependence  of  failure  load  on  applied 
field,  while  empirical  data  suggest  an  odd  dependence. 

The  assumption  of  insulated  crack  faces  is  an  approximation,  since  in  most  experimental 
and  practical  situations  the  crack  interior  fills  with  an  electrically  permeable  fluid  such  as 
air.  The  resulting  inhomogeneous  boundary  alters  the  crack  driving  force  calculation  [9,  10]. 
It  can  be  shown,  however,  that  the  essential  features  of  the  ceramic’s  fracture  behavior  are 
not  affected  by  the  presence  of  air  inside  the  crack,  and  its  permeability  can  be  neglected 
except  in  the  case  of  an  extremely  slender  crack  opening  [11].  In  consequence,  we  restrict 
our  attention  in  this  study  to  the  case  of  idealized  insulated  boundary  conditions.  Also,  we 
assume  that  the  crack  faces  do  not  come  into  contact,  so  that  the  traction-free  condition 
remains  valid  regardless  of  the  loading. 

ELECTRICAL  NONLINEARITY 

To  determine  the  effects  of  material  nonlinearity  on  the  fracture  process,  we  examine  the 
crack  tip  at  a  length  scale  for  which  the  stress  fields  closely  follow  linear  constitutive  laws, 
while  the  electric  field  exhibits  nonlinearity.  The  brittle  nature  of  piezoceramics  insures 
that  such  a  length  scale  exists  [11].  In  this  framework,  we  develop  a  model  for  electrical 
nonlinearity  based  on  the  material  microstructure.  We  simulate  the  ferroelectric  domains 
using  discrete  electric  dipoles  superimposed  on  a  homogeneous  medium  with  the  meicroscopic 
piezoelectric  properties.  That  is,  each  dipole  is  the  vector  difference  between  a  given  domain’s 
polarization  and  the  response  predicted  by  the  linear  constitutive  law.  Because  the  region 
surrounding  a  crack  tip  is  characterized  by  severe  gradients  in  all  the  field  quantities,  each 
dipole  ^  representing  a  nearby  polar  domain  is  subjected  to  a  net  force  F  =  {VE)'tp.  The 
total  force  acting  between  the  crack  and  nearby  dipoles  increases  the  energy  available  to  drive 
the  crack;  the  quantitative  evaluation  of  this  effect  is  described  in  the  following  sections. 

Dipole  Interaction 

The  first  step  in  calculating  the  influence  of  electrical  nonlinearity  on  fracture  is  to  find 
the  equilibrium  configuration  of  the  dipoles  around  a  crack  tip  in  a  planar  medium.  Since  the 
dipoles  represent  the  material  microstructure,  we  specify  a  fixed  grid  of  dipole  positions  but 
allow  their  strengths  to  vary.  To  simplify  the  problem,  we  allow  arbitrary  rotations  of  the 
dipoles  as  additional  degrees  of  freedom,  though  a  more  realistic  domain  switching  criterion 
would  restrict  dipole  orientations  to  discrete  values.  The  equilibrium  state  is  then  obtained 
by  calculating  the  increase  in  piezoelectric  enthalpy  caused  by  the  introduction  of  the  dipoles, 
and  minimizing  it  over  all  dipole  orientations  and  magnitudes.  As  a  further  simplification, 
we  include  only  the  electrical  portion  of  the  enthalpy,  ignoring  in  particular  the  mechanical 
energy  associated  with  the  mismatch  strain  of  90°  domain  switching.  The  enthalpy  then 
consists  of  two  terms:  the  dipole  interactions  and  the  self-energy  of  the  domains. 

The  enthalpy  change  associated  with  introducing  a  dipole  -0  at  a  position  x  is  given  by 

W  =  -V’  •  E{x) ,  (9) 

where  E{x)  is  the  electric  field  due  to  both  the  far-field  loading  and  the  other  dipoles. 
Near  a  crack  tip,  the  loading  results  in  a  singular  field  E^{x).  We  define  the  Green’s 
function  Qij{x]x')  for  a  medium  with  a  semi-infinite  crack  as  the  component  of  the 
electric  field  at  x  due  to  a  unit  dipole  in  the  j  direction  at  x'  [11].  Then,  the  interaction 
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enthalpy  of  N  dipoles  can  be  written  as 


N  N 

^interaction  =  '0a  '  (Xa)  +  ^  0a  «  Q{Xa]  X6)0j, .  (10) 

0,6=1 

0^6 

Because  the  active  degrees  of  freedom  in  the  equilibrium  calculation  are  the  dipole 
strengths,  rather  than  their  positions,  the  self-energy  of  each  domain  must  also  be  included 
in  the  total  enthalpy  expression.  This  self-energy  can  be  approximated  by  the  energetic  cost 
of  creating  a  uniformly  polarized  piezoelectric  cylinder,  infinite  in  the  direction  perpendic¬ 
ular  to  the  plane  of  the  problem.  In  a  vacuum,  the  electric  field  inside  a  circular  cylinder 
of  uniform  polarization  P  is  Eo  =  —P/{2eo).  When  a  dielectric  is  placed  in  this  field,  it 
induces  an  intensified  field, 

^^seif  =  -(e  +  £o/)"^P,  (11) 

where  I  is  the  second-rank  identity  tensor.  The  enthalpy  associated  with  a  domain  of  a 
given  area  f2,  represented  by  a  dipole  0  =  PQ,  is  then 


Wself  =  -0  •  Pself  .  (12) 

For  piezoceramics  of  interest,  the  values  in  e  are  much  larger  than  Eq,  so  the  self-enthalpy 
can  be  approximated  by 

VV4elf  =  ^0  •  V  •  (13) 

In  the  implementation  described  below,  we  scale  the  area  Q,  according  to  the  chosen  grid 
spacing  of  the  dipoles.  Also,  for  lack  of  a  more  accurate  representation,  we  use  the  result  ob¬ 
tained  for  a  circular  cylinder  (13)  for  all  dipoles,  regardless  of  the  actual  shape  of  the  domains. 
With  these  estimations,  the  total  enthalpy  of  the  array  of  dipoles,  W  =  Winteraction  +  Wseif, 
is  found  to  be  positive  definite  for  realistic  dipole  arrangements. 

Crack  Driving  Force 

The  stipulation  that  the  dipoles  capture  the  material’s  electrical  nonlinearity  implies 
that,  at  the  given  length  scale,  the  predicted  electric  displacement  must  be  bounded.  In 
particular,  the  crack-tip  singularity  in  D  caused  by  the  far-field  loading  must  exactly  cancel 
the  contributions  to  this  singularity  due  to  all  the  dipoles.  This  requirement  leads  to  two 
linear  constraints  on  the  dipole  strength  values.  Using  Lagrange  multipliers  to  enforce  these 
constraints,  the  minimization  of  the  total  enthalpy  amounts  to  the  solution  of  a  linear  system 
in  2N  +  2  unknowns. 

Once  the  equilibrium  dipole  orientations  and  magnitudes  are  found,  their  effect  on  the 
stress  intensity  factors  can  easily  be  obtained;  the  local  intensity  factors  are  calculated 
by  adding  the  net  influence  of  all  the  dipoles  to  the  apparent  intensities  determined  from  the 
remote  loading.  The  energy  release  rate  is  then  evaluated  by  substituting  the  local  intensi¬ 
ties  into  (8),  where  by  hypothesis  =  0.  In  effect,  the  apparent  electromechanical 
singularities  observed  at  the  macroscale  are  converted  to  purely  mechanical  opening  forces 
at  the  local  scale  dominated  by  individual  polar  domains. 

For  a  transversely  isotropic  material  loaded  along  the  poling  axis,  with  a  crack  perpen¬ 
dicular  to  that  axis,  all  but  the  local  Mode  I  intensity  factor  vanish.  The  theory  presented 
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f  Poling  axis 


Figure  1:  Schematic  of  equilibrium  dipole  configuration  at  critical  loading  conditions. 

a~(MPa) 


here  predicts  failure  when  the  far-field  loads  cause  this  local  stress  intensity  to  exceed  some 
critical  level.  Assuming,  for  instance,  that  the  critical  tensile  stress  for  a  2  mm  Griffith  crack 
in  a  PZT-4  sample  is  5  MPa  at  zero  electric  field,  the  critical  load  at  any  other  applied  field 
can  be  found  using  the  local  stress  intensity  criterion.  Figure  1  is  a  schematic  depiction 
of  the  equilibrium  configuration  of  40  dipoles  on  a  square  grid  near  a  crack  tip  at  such  a 
critical  state,  namely  =  3.5  MPa  and  E°°  =  0.5  MV/m.  The  dependence  of  on  E°° 
for  this  set  of  dipole  positions  is  shown  in  Fig.  2.  For  comparison,  the  result  of  the  conven¬ 
tional  global  analysis  is  shown,  along  with  the  relation  predicted  using  a  local  criterion  but 
restricting  all  dipoles  to  lie  in  the  crack  plane,  for  which  a  closed-form  expression  exists  [11]. 

CONCLUSIONS 

Both  curves  in  Fig.  2  obtained  using  the  local  crack  growth  criterion  agree  qualitatively 
with  experimental  evidence,  specifically  the  odd  dependence  of  critical  stress  on  applied 
electric  field.  A  comparison  with  the  prediction  based  on  a  global  linear  analysis  reveals  the 
importance  of  considering  material  microstructure  when  evaluating  the  reliability  of  piezoce¬ 
ramics.  At  the  same  time,  the  difference  between  the  two  local  predictions  suggests  that  the 
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shape  of  the  electrical  nonlinear  zone  plays  an  important  role  in  determining  cracking.  But, 
assuming  it  is  much  smaller  than  the  characteristic  crack  dimension,  the  nonlinear  zone  size 
does  not  need  to  be  known  with  any  certainty,  as  only  the  dipoles  closest  to  the  crack  tip 
have  any  effect  on  the  driving  force.  Furthermore,  because  all  the  interaction  and  self-energy 
terms  vary  aa  the  inverse-square  of  the  characteristic  dipole  grid  spacing,  a  uniform  scaling 
of  all  dipole  positions  does  not  alter  the  results. 

The  next  step  in  improving  the  model  is  to  include  a  realistic  domain  switching  criterion 
which  would  constrain  the  dipoles  to  discrete  orientations  depending  on  the  local  electric 
field.  Such  an  approach  would  remove  the  ambiguity  of  choosing  a  nonlinear  zone  shape, 
since  switching  would  only  occur  in  regions  of  sufficiently  high  electric  field.  As  a  result, 
the  technique  described  in  this  paper  for  predicting  piezoelectric  fracture  would  become 
deterministic.  A  further  embellishment  to  the  present  model  would  be  to  consider  the 
effects  of  electrical  nonlinearity  on  the  mechanical  portion  of  the  enthalpy,  particularly  the 
mismatch  strain  energy  associated  with  domain  switching. 
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Abstract:  Switching  current  measurements  have  been  carried  out  on  relaxor  ferroelectric  single  crystal  - 
pure  PZN,  and  the  solid  solution  (1-x)  Pb(Zn  1/3^2/3)03  -xPbTi03  with  x=  0.04,  0.09,  0.10.  Measurements  have 
been  done  for  crystallographic  directions  [001]  and  [111]  for  all  these  compositions.  Switching  times  versus  the 
applied  field  showed  the  following  results.  Pure  PZN  along  [111]  and  0.90PZN  —  O.IOPT  along  [001],  and  [111] 
showed  an  exponential  dependence.  Along  [001]  the  PZN  showed  a  linear  fit.  For  solid  solution  single  crystals- 
0.96PZN  -0. 04PT  and  0.91  PZN  -  0. 09PT,  a  linear  fit  was  obtained  for  the  reciprocal  switch  times  versus  applied 
field  for  both  the  directions.  If  we  draw  a  parallel  picture  with  the  reported  barium  titanate  data,  it  appears  that  the 
polarization  reversal  is  controlled  by  nucleation  along  [111]-  spontaneous  direction  for  PZN  and  [001],  [111]  for 
0.90PZN  -  0.  lOPT.  The  mobility  of  the  reversed  domains  controls  the  reversal  along  [001]  for  PZN  and  the  solid 
solution  single  crystals  with  rhombohedral  composition  along  [001]  and  [111].  The  transient  current  curves  showed 
two  maximum  points  for  crystals  with  x  =  0.04  and  0. 09.  This  is  attributed  to  the  co-existence  of  the  two  phases  in 
0.96PZN -0.04PT  and  0.91PZN- 0.09PT  crystals. 

INTRODUCTION  ^ 

Measurement  of  switching  current  to  study  the  polarization  reversal  phenomena  is  well  known. 
In  this  method,  a  series  of  symmetric  bipolar  voltage  pulse  which  produces  polarization  reversal  is  applied 
to  the  crystal  and  the  transient  current  measured  across  a  resistor  connected  in  series  with  the  sample. 
Information  on  polarization  reversal  processes  was  obtained  by  switching  current  measurements  for 
BaTiOs  (BT)^l  These  measurements  for  BT  showed  that  the  total  polarization  reversal  time  depends  on 
the  applied  field. 

Such  transient  current  studies  have  not  been  carried  out  on  relaxor  ferroelectric  single  crystals 
such  as  Pb(Zn,/3Nb2«)03  (PZN)  and  their  solid  solutions  with  PbTiOa  (PT).  In  this  paper,  the  experimental 
results  of  switching  current  measurements  for  PZN,  PZN  -  PT  single  crystals  and  their  dependence  on 
crystal  orientation  are  presented.  Their  switching  behavior  is  examined  in  terms  of  the  presently  accepted 
model  of  domain  nucleation  and  growth. 

Single  crystals  of  0.91PZN-  0.09PT  are  known  to  show  very  high  values  of  electromechanical 
coupling  factor  kss  of  92-95  %  and  piezoelectric  constant  d33  of  2500  pC/N^•^  In  this  system,  PZN  having 
rhombohedral  symmetry  is  a  relaxor  ferroelectric  material  which  undergoes  a  diffuse  phase  (frequency 
dependent)  transition  around  140°C.  On  the  other  hand  lead  titanate  PT  having  a  tetragonal  symmetry  is  a 
normal  ferroelectric  with  a  sharp  phase  transition  at  490°C.  These  two  composition  form  a  solid  solution 
system  with  a  morphotropic  phase  boundary  (MPB)  around  0.91PZN-0.09PT.  It  has  to  be  mentioned  that 
the  giant  values  of  kss  and  dss  are  obtained  for  crystals  with  rhombohedral  composition  with  spontaneous 
polarization  along  [111]  is  poled  along  [001].  This  direction  is  the  spontaneous  polarization  direction  for 
tetragonal  crystals. 

EXPERIMENTAL  DETAILS 

All  the  single  crystals  PZN  and  (l-x)PZN-  xPT  used  for  the  measurements  were  grown  the  lab  by  the  flux 
method.  The  crystal  direction  [001]  and  [111]  were  determined  by  Laue  back  reflection  method.  The 
crystals  were  then  cut  and  polished  to  form  rectangular  plates  with  the  desired  orientation  perpendicular  to 
major  &ces.  The  thickness  of  all  the  samples  varied  from  0.20  mm  -  0.23  mm  and  the  area  was  around 
4mm  X  1.3mm.  Sputtered  gold  was  used  as  electrodes.  A  function  synthesizer  (DF  -194  digital  function 
synthesizer)  in  conjunction  with  an  amplifier  was  used  to  apply  rectangular  pulses  of  one  second  duration 
to  the  sample.  A  resistor  of  150  ohms  was  used  in  series  with  the  sample  and  voltage  across  it  was 
measured  using  oscilloscope  for  determining  the  switching  current.  A  representative  switching  current 
obtained  when  a  positive  pulse  is  applied  to  the  sample  is  shown  in  Fig.  1.  The  normal  displacement 
current  transient  obtained  when  the  second  positive  pulse  is  applied  is  also  shown  in  the  same  figure.  This 
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displacement  current  is  subtracted  to  obtain  the  actual  switching  current.  The  fields  applied  ranged  from  3- 
36  kV/cm.  The  switching  time  is  defined  here  as  the  time  taken  for  the  current  to  reduce  from  maximum 
to  1/10  of  the  maximum.  The  field  was  applied  along  [001]  and  [111]  crystallographic  directions.  All 
these  crystals  have  rhombohedral  compositions.  The  spontaneous  polarization  for  rhombohedral 
composition  is  along  [1 1 1]  and  that  for  tetragonal  is  along  [001]  respectively. 


Fig.  1  A  representative  switching  and  the  corresponding  displacement  current.  The  two  are  subtracted  to 
get  the  actual  switching  current. 

RESULTS 

Figure  2  shows  the  transient  current  associated  with  switching  for  PZN,  0.96PZN  -0.04PT  and  0.91PZN  - 
0.09PT  single  crystals.  We  will  name  them  crystals  A,  B  and  C  for  discussion  purposes.  It  has  to  be 
mentioned  that  the  time  scale  for  all  the  curves  are  not  same,  they  vary  from  2.5  millisecond  (for  low 
field)  to  100  microsecond  for  high  applied  electric  field.  Hence  no  unit  has  been  mentioned  in  the  figure. 
These  curves  are  overlapped  only  for  comparison.  However,  each  curve  is  considered  separately  for 
calculation  of  the  switching  time.  Looking  at  this  data  for  spontaneous  polarization  direction  [111],  the 
crystals  B  and  C  showed  a  double  maximum  in  the  switching  current  curve.  For  crystals  B,  having  0.04 
PT  at  low  field  values  (5  —  9  kV/cm)  the  first  peak  was  much  higher  in  magnitude  than  the  second  peak. 
As  the  field  is  increased,  the  second  peak  increases  in  magnitude  and  finally  only  one  peak  is  observed. 
For  crystals  C  having  0.09PT,  similar  variation  of  second  peak  overtaking  the  magnitude  of  the  first  peak 
was  observed.  However,  two  distinct  peaks  were  present  even  at  high  fields.  Such  a  behavior  was  not 
observed  for  pure  PZN  crystal  with  field  along  [111]  direction.  For  field  applied  along  [001]  -the 
spontaneous  polarization  direction  for  tetragonal  crystals,  no  such  double  maximum  in  the  switching  curve 
was  observed  for  pure  PZN  (crystal  A)  and  crystal  B.  The  crystal  C  showed  a  double  maximum  at  low 
field  values.  The  curve  corresponding  to  26kV/cm  for  0.91PZN  -  0.09PT  with  field  along  [001]  shows  the 
field  induced  phase  transition  from  rhombohedral  to  tetragonal. 

This  leads  us  to  believe  that  the  presence  of  two  peaks  is  due  to  the  co-existence  of  both 
rhombohedral  and  tetragonal  phases  in  these  crystals.  It  is  difficult  to  associate  a  particular  peak  with 
either  rhombohedral  or  tetragonal  composition.  The  two  parameters  -the  component  of  electric  field  along 
a  crystallographic  direction  and  the  volume  fraction  of  the  second  phase  present  may  also  need  to  be 
considered  in  explaining  the  presence  of  the  double  peaks.  More  detailed  work  is  continuing  and  will  be 
reported  shortly. 

The  reciprocal  switching  time  as  a  function  of  applied  field  is  shown  in  Fig.  3.  For  pure  PZN 
(crystal  A),  linear  dependence  was  observed  along  [001]  and  exponential  dependence  along  [111] 
direction.  The  figure  shows  a  linear  variation  with  different  slopes  at  low  and  high  field  values  for  the 
crystals  B,  C  and  both  the  directions  [111]  and  [001].  It  appears  that  a  linear  law  can  describe  the 
switching  process 
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Fig.  2  The  switching  current  observed  for  the  PZN  -PT  single  crystals  showing  the  double  peak 
observed  due  to  co-existence  of  both  rhombohedral  and  tetragonal  phases. 
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Fig.  3  Dependence  of  inverse  switching  time  on  applied  field  for 

PZN  -PT  single  crystals  showing  the  linear  or  exponential 
dependence. 


where  t  is  the  switching  time,  d  the  thickness  of  the  crystal,  is  the  mobility  of  the  moving  domain  wall,  E 
is  the  applied  field.  However,  there  is  a  change  in  the  slope  at  a  certain  applied  field  for  all  the  crystals.  At 
higher  fields,  the  curve  becomes  almost  horizontal  to  field  axis. 

DISCUSSION 

From  the  published  data^’^’®’  for  BaTiOa  (BT),  the  switching  current  shows  an  exponential 
dependence  on  applied  field  at  small  field  values.  The  dependence  becomes  linear  as  the  applied  field  is 
increased.  On  the  basis  of  these  results,  it  was  suggested  that  the  polarization  reversal  for  BT  at  small- 
applied  fields  is  controlled  by  nucleation  rate  of  the  reversed  domains.  At  higher  field,  the  mobility  of  the 
reversed  domains  controls  the  reversal  mechanism. 

We  now  compare  this  with  the  present  data  for  relaxor  based  single  crystals  of  PZN,  0.96PZN  - 
0.04PT  and  0.91PZN  -  0.09PT.  The  field  was  applied  along  [001]  and  [111]  -  the  spontaneous  direction 
for  liiombohedral  and  tetragonal  compositions. 

For  PZN  along  [111]  the  dependence  of  switching  time  on  applied  field  was  exponential.  Along 
[001],  the  dependence  was  linear.  If  we  draw  a  parallel  picture  with  the  barium  titanate  data,  it  appears 
that  the  polarization  reversal  is  controlled  by  nucleation  along  [111]  and  the  mobility  of  the  reversed 
domains  along  [001]. 

For  solid  solution  single  crystals  0.96PZN  -0.04PT  and  0.91PZN  -  0.09PT,  a  piecewise  linear  fit 
was  obtained  for  the  reciprocal  switch  times  versus  applied  field.  Unlike  the  barium  titanate,  no 
exponential  dependence  was  observed  at  small  field  values.  Assuming  the  model  of  domain  nucleation 
and  motion,  it  appears  that  the  polarization  reversal  in  these  c^stals  is  controlled  by  die  forward  motion  of 
the  domains. 

A  double  maximum  observed  in  the  switched  current  is  attributed  to  the  co-existence  of  the  two 
phases  in  0.96P2^  -0.04PT  and  0.91PZN  -  0.09PT  crystals.  This  was  not  observed  in  PZN  crystal. 
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ABSTRACT 

Composites  of  ferroelectric  ceramic  in  polymer  matrix  have  been  developed  and 
characterized  for  their  ability  to  be  employed  as  embedded  sensors  for  the  health  monitoring  of 
polymer  composite  structures.  In  this  paper  results  illustrating  the  response  of  embedded 
composite  sensors  to  dynamic  loads  are  presented  and  discussed.  Furthermore,  the  ability  of  the 
composite  sensors  to  act  as  actuators,  generating  diagnostic  waves  in  composite  structures,  has 
been  investigated, 

INTRODUCTION 

To  reduce  operation  and  maintenance  costs,  future  structural  systems  are  likely  to  employ 
sensor  networks  to  monitor  their  state  of  structural  health.  In  addition,  in  order  to  meet  weight 
and  performance  requirements,  such  structures  will  also  utilize  advanced  composite  materials 
and  actuators.  Because  of  the  fabrication  methods  involved,  polymer  matrix  composites  are 
capable  of  in-situ  integration  of  sensors  and  actuators.  By  incorporating  sensor/actuator 
networks  into  their  construction,  polymer  matrix  composite  structures  become  “smart”  as  they 
now  possess  both  sensing  and  actuating  capabilities.  Smart  configurations  of  composite 
structures  utilize  embedded  active  materials  such  as  piezoelectrics.  Piezoelectric  materials  have 
the  ability  to  convert  mechanical  to  electrical  energy  (direct  effect)  but  also  develop  a  strain  upon 
application  of  an  electric  field  (converse  effect)  [1].  As  such,  they  can  be  utilized  to  provide 
both  sensing  and  actuating  capabilities  to  composite  structures.  These  properties  along  with  fast 
response  characteristics  are  what  have  established  piezoelectrics  as  the  active  materials  of  choice 
for  smart  composite  structures.  However,  currently  employed  piezoelectric  materials  do  present 
some  disadvantages,  such  as  high  density  and  stiffness  and  incompatibility  to  the  host  polymer 
composites.  For  this  reason,  the  need  exists  for  active  materials  that  are  more  flexible  with 
regards  to  material  compatibility  and  processing. 

Polymer  based  composite  piezoelectric  materials  can  offer  advantages,  such  as  compatibility 
to  the  host  matrix  and  ease  of  embedding,  which  allow  for  more  efficient  processing  of  highly 
integrated  composite  smart  structures.  Ferroelectric  ceramic/polymer  composites  can  take 
advantage  of  the  favorable  properties  of  their  constituents  while  reducing  the  detrimental  ones. 
The  high  piezoelectric  and  electromechanical  properties  of  the  ceramic  phase  combined  with  the 
mechanical  properties  and  low  dielectric  permittivity  of  the  polymer  matrix  can  enhance  the 
overall  performance  of  a  composite  [2].  Thus,  desired  properties  for  specific  applications  can  be 
achieved  by  the  appropriate  choice  of  constituents,  their  relative  amounts  and  their  connectivity 
[3].  In  this  study,  ferroelectric  ceramic/polymer  composites  have  been  developed  and  evaluated 
as  embedded  sensors  for  the  structural  health  monitoring  of  composite  structures.  The  ability  of 
these  piezoelectric  composites  to  detect  and  differentiate  between  transient  elastic  waves, 
generated  within  composite  plate  structures,  has  been  investigated.  Furthermore,  the  response  of 
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Table  I.  Typical  Material  Properties  Values  of  the  Composite  Piezoelectrics 


Property 

PTCa/Epoxy 
(60/40  vol%) 

PTCa/P(VDF-TrFE) 
(65/35  vol%) 

Density  (g  cm'^) 

4.59 

5.13 

ds3  coefficient  (pCN*^) 

30 

33 

dh  coefficient  (pCN"') 

22.8 

26.1 

g33  coefficient  (mV  m  N'*) 

94 

73 

gh  coefficient  (mV  m  N'*) 

71.4 

57.8 

Electromechanical  coupling  factor,  kt 

0.19 

0.21 

Relative  permittivity,  £>  (@lkHz,  RT) 

36 

51 

Acoustic  impedance,  Za  (MRayls) 

11 

16 

the  composite  sensors  to  low  energy  impact  and  cyclic  loads  has  been  determined.  In  addition, 
the  ability  of  the  sensors  to  generated  diagnostic  waves  in  composite  plates  has  been  examined. 
This  paper  reports  on  results  obtained  from  these  studies. 

EXPERIMENTAL 

Piezoelectric  Composites 

Two  piezoelectric  composite  materials  have  been  developed  and  characterized  for  the  needs 
of  this  work  [4,  5].  The  materials  have  been  prepared  by  dispersing  ferroelectric  ceramic  powder 
into  a  polymer  matrix.  Calcium  modified  lead  titanate  (PTCa)  was  used  as  the  ceramic  phase, 
while  Epon  828,  a  non-polar  epoxy  resin,  and  vinylidene  fluoride  trifluoroethylene  (P(VDF- 
TrFE)),  a  polar  copolymer,  were  used  as  the  polymer  matrix  phases.  The  PTCa  ceramic  was 
supplied  by  GEC-Marconi  (UK).  It  has  a  Curie  temperature  of  Tc  =260°C  with  grain  sizes  in  the 
range  of  10-60pm  and  its  chemical  composition  is  ^^0.76^^0.24  [(<^<^0.5^0.5)0,04^^0,96]  <^3 
The  P(VDF-TrFE)  copolymer  has  a  composition  of  [75:25mol%]  and  it  was  supplied  by  Solvay 
in  powder  form.  The  thermoset  resin  was  supplied  by  Shell  Resins.  Thin  films,  approximately 
lOOpm,  of  the  PTCa/P(VDF-TrFE)  composites  were  fabricated  using  a  solvent  casting  technique 
as  described  in  [6].  PTCa/Epon828  composite  films,  with  a  thickness  range  of  lOOpm  to  1  SOpm, 
were  obtained  by  mixing  the  constituents  at  room  temperature  and  pressing  in  a  temperature 
controlled  mechanical  press  [7].  The  ceramic  loading  of  the  composites  was  varied  between 
35%  and  65%  by  volume.  Samples  obtained  from  these  films  were  poled  using  a  DC  field  [6,7]. 
Typical  properties  of  the  piezoelectric  materials  so  obtained,  are  shown  in  Table  I  [4,  8]. 
Because  of  Ae  high  percentage  volume  of  the  ceramic  phase  in  the  composites,  these  materials 
possess  both  0-3  and  1-3  connectivity  thus  termed  mixed  connectivity  composites  [9].  The 
composite  piezoelectric  thin  films  have  been  successfully  incorporated  into  surface  mounted 
acoustic  emission  transducers  [10]  and  embedded  into  fiber  reinforced  composite  structures  [6]. 

Test  Specimens 

The  composite  structures  used  in  this  study  were  S-Glass/Epoxy  unidirectional  plate  and 
beam  specimens  with  embedded  composite  sensor  arrays.  All  specimens  were  fabricated  from 
glass/epoxy  prepreg  (S2/NCT-301)  supplied  by  Newport  Composites.  All  laminates  contained 
25  layers  with  a  stacking  sequence  of  [0]25.  Plate  specimens  had  in-plane  dimensions  of  23in  x 
23in  or  18in  x  18in  and  an  average  thickness  of  O.lin.  Four  sensors  forming  a  6in  square  array 
were  embedded  in  the  plate  specimens  at  five  and  ten  layers  down  from  the  surface.  Each  array 
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contained  two  PTCa/P(VDF-TrFE)  65/35  vol%  and  two  PTCa/Epon828  60/40  vol%  sensors. 
The  beam  specimens  utilized  were  of  the  same  layered  construction  as  the  plate  specimens,  [0]25 
with  average  thickness  of  0.1  in,  with  in-plane  dimensions  of  2.5in  x  17in.  Two  sensors,  made 
from  copolymer  and  epoxy  composites  respectively,  were  included  in  each  of  the  beam 
specimens.  The  sensors  were  embedded  along  the  beam  centerline,  five  layers  down  from  the 
surface  and  6in  apart  from  each  other. 

The  behavior  of  the  piezoelectric  composites  under  cyclic  loading  was  studied  using  both  the 
beam  specimens  and  the  smaller  plate  specimens.  All  testing  was  done  using  an  Instron 
servohydrolic  machine.  The  beam  specimens  were  tested  under  in-plane  tension/tension  cyclic 
loading  conditions.  Plates  were  tested  again  in  tension/tension  however,  out  of  plane  point  loads 
were  used  along  with  simply  supported  boundary  conditions.  The  23in  x  23in  plates  were  used 
to  study  the  response  of  the  embedded  composite  sensors  to  diagnostic  elastic  waves.  These 
same  plates,  witii  the  same  boundary  conditions,  were  also  used  for  impact  load  testing  along 
with  a  PCB  modally  tuned  impact  hammer. 

RESULTS 

Composite  sensor  response  to  dynamic  and  impact  loads 

The  ability  of  embedded  PTCa/Epon828  and  PTCa/P(VDF-TrFE)  sensors  to  monitor 
dynamic  and  impact  loads  applied  to  S-Glass/Epoxy  laminates  was  determined  by  examining 
their  response  to  such  loads.  Sensor  response  signals  from  these  experiments  were  compared  to 
readings  from  collocated  strain  gauges  attached  to  the  laminate  surface.  Experiments  were  run 
using  both  the  beam  and  plate  specimens  described  above.  Typical  responses  of  embedded 
PTCa/P(VDF-TrFE)  65/35  vol%  sensors  to  sinusoidal  loads  along  with  the  corresponding  stain 
gauge  outputs  are  shown  in  figure  1  and  figure  2.  Figure  1  shows  typical  results  obtained  from 
beam  specimens  under  a  lOHz  tensile  sinusoidal  load  applied  in-plane  with  amplitude  of  5001bs. 
Figure  2  shows  the  response  of  the  embedded  sensor  to  an  out  of  plane  sinusoidal  point  load 
applied  on  a  simply  supported  plate,  placing  the  plate  under  a  bending  load.  In  both  instances, 
the  sensors  reproduce  the  strain  gauge  readings  well,  exhibiting  strong  signal  without  any 
amplification.  However,  the  signals  obtained  from  the  sensor  and  the  strain  gauge,  are  not  in 


Figure  1.  Typical  response  of  composite  sensors  to  Figure  2.  Typical  response  of  composite  sensors  to 

in-plane  sinusoidal  load  (lOHz)  out  of  plane  sinusoidal  load  (1  OHz) 
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Figure  3.  Typical  response  of  composite  sensors  to 
in-plane  square  cyclic  load  (5Hz) 


Figure  4.  Typical  response  of  composite  sensors  to 
impact  load  from  modal  hammer 


phase  with  each  other.  It  was  shown  in  a  previous  study  [11],  that  for  the  frequency  range  of 
2Hz  to  40Hz  the  phase  angle  between  the  two  signals  remains  constant.  Thus,  the  phase 
difference  observed  is  probably  an  artifact  of  the  measurements.  It  can  probably  be  attributed  to 
the  different  setups  involved  in  acquiring  a  signal  from  the  piezoelectric  sensors  versus  the  strain 
gauges,  with  the  first  being  a  direct  measurement.  Figure  3  shows  the  response  of  a  PTCa/Epoxy 
sensor  and  the  corresponding  strain  gauge  output  to  a  square  periodic  load,  SOOlbs  amplitude  at 
5Hz  frequency,  applied  to  a  beam  specimen.  Here  again  the  strain  gauge  and  sensor  signals  are 
out  of  phase.  In  addition,  the  signal  from  the  sensor  does  not  exactly  match  the  signal  from  the 
strain  gauge.  This  is  due  to  the  dynamic  nature  of  the  piezoelectric  response,  which  produces  a 
zero  signal  when  the  applied  load  reaches  a  steady  plateau.  Figure  4  shows  the  response  of  an 
embedded  epoxy  sensor  to  an  impact  load,  produced  by  a  modally  tuned  impact  hammer,  3in 
away  from  the  sensor.  Also  shown  in  this  figure,  is  the  load  versus  time  signal  obtained  from  the 
hammer  force  transducer.  The  plot  clearly  shows  that  the  embedded  sensor  was  able  to  detect 
the  impact  event.  The  initial  part  of  the  sensor  response  denotes  the  same  trend  as  the  load 
versus  time  curve  given  by  the  force  transducer.  Differences  in  the  signals  obtained  from  the 
sensor  and  force  transducer,  can  be  attributed  to  the  fact  that  the  sensor  detects  the  elastic  wave 
propagating  on  the  plate,  while  the  force  transducer  registers  the  load  time  history. 

Health  monitoring  of  composite  structures 

The  ability  of  the  composite  piezoelectric  materials  to  monitor  the  structural  health  of  polymer 
composite  structures  has  also  been  investigated  by  studying  the  response  of  embedded  sensors  to 
simulated  acoustic  emission  sources.  These  studies  involved  the  generation,  by  pencil  lead 
breaks  [12],  and  detection  of  elastic  waves  in  composite  plates.  The  nature  of  the  signals 
produced  by  the  lead  breaks  in  these  tests,  is  similar  to  the  transient  nature  of  acoustic  emission 
signals  produced  by  real  damage  sources.  Results  from  these  studies  have  shown  the  ability  of 
the  embedded  composite  sensors  to  detect  the  so  generated  elastic  waves  as  well  as  differentiate 
between  the  extensional  and  flexural  plate  wave  modes  [8, 1 1]. 

Results  from  the  simulated  acoustic  emission  experiments  demonstrated  the  ability  of  the 
composite  sensors  to  work  in  a  passive  mode  of  operation.  This  means  that  sensors  made  from 
the  composite  piezoelectric  materials  adequately  detect  elastic  waves  generated  by  acoustic 
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Figure  5.  Response  of  composite  sensors  to  sinusoidal 
input  generated  by  another  composite  sensor 
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Figure  6.  Response  of  composite  sensors  to  square  wave 
input  generated  by  another  composite  sensor 


emission  events.  However,  to  completely  characterize  damage  within  a  broader  structural  health 
evaluation  system,  sensors  may  be  required  to  operate  in  an  active  mode  [13].  Active  mode 
operation  involves  the  generation  and  propagation  of  suitable  diagnostic  signals  to  locate  and 
evaluate  damage  sustained  by  the  structure.  Under  this  mode  of  operation,  one  or  more  of  the’ 
embedded  composite  piezoelectric  sensors  would  have  to  generate  diagnostic  signals  to  be 
detected  by  other  sensors  in  an  array.  Thus,  the  piezoelectric  composite  sensors  will  now  have  to 
act  as  actuators  by  employing  the  converse  piezoelectric  effect.  Experiments  were  run  using  the 
embedded  sensor  array  in  the  23in  x  23in  plates  to  determine  the  ability  of  the  piezoelectric 
composites  to  generate  and  propagate  elastic  waves  through  the  composite  plate.  A  signal 
generator  was  used  to  excite  one  of  the  sensors  in  the  square  array  while  the  output  of  the 
remaining  sensors  was  monitored.  Both  sinusoidal  and  square  wave  fimctions  were  used. 
Figures  5  and  6  show  results  obtained  for  sinusoidal  and  square  input  signals  respectively.  In 
these  figures,  the  input  signal  is  shown  along  with  the  sensor  response  signal,  from  one  of  the 
sensors  in  the  array,  to  that  input.  These  results  demonstrate  the  ability  of  the  composite 
piezoelectric  materials  to  act  as  actuators  for  generating  diagnostic  elastic  waves  in  composite 
structures. 


CONCLUSIONS 

It  follows  from  the  above  results  and  discussion  that  both  piezoelectric  composite  materials,  i.e., 
PTCa/Epoxy  and  PTCa/P(VDF-TrFE),  can  be  employed  as  embedded  sensors  in  composite 
l2iminates  to  monitor  transient  applied  loads  and  to  detect  elastic  waves  propagating  in  such 
structures  due  to  damage  events.  Furthermore,  these  materials  could  be  used  as  sensors  in  health 
assessment  techniques  for  composite  materials  where  diagnostic  waves  methods  are  utilized. 
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ABSTRACT 

A  new  method  is  proposed  for  the  characterization  of  properties  of  piezoelectric  materials  using 
depth-sensing  indentation  involving  both  mechanical  and  electrical  measurements.  First,  a 
rigorous  general  theory  is  presented  for  axisymmetric  indentation  of  piezoelectric  solids  with 
anisotropic  properties.  The  theoretical  results  facilitate  the  prediction  of  the  indentation  load 
versus  the  depth  of  penetration  of  indenter  into  the  substrate,  as  well  as  some  transient  electrical 
effects  for  different  electrical  boundary  conditions.  Used  in  conjunction  with  instrumented 
indentation  experiments  at  the  nanoscopic,  microscopic  or  macroscopic  size  scales,  these  results 
lead  to  the  prediction  of  some  of  the  elastic,  dielectric  and  piezoelectric  constants  as  well  as  the 
activation  energy  for  depolarization.  The  predictions  of  the  theory  as  well  as  the  validity  of  the 
approach  have  been  substantiated  further  with  detailed  indentation  experiments  on  PZT-4  and 
barium  titanate  using  either  a  conducting  indenter  or  an  insulated  indenter.  The  theoretical 
predictions  of  the  coupled  electrical-mechanical  indentation  of  piezoelectric  solids  have  also 
been  checked  with  finite  element  analyses.  The  implications  of  the  proposed  method  for  the 
design  and  characterization  of  piezoelectric  materials  and  for  quality  control  in  commercial 
production  are  also  addressed. 

INTRODUCTION 

There  is  a  great  need  for  materials  that  exhibit  electrical-mechanical  coupled  behavior  in  modem 
devices  and  structures.  Piezoelectric  solids  represent  a  broad  class  of  materials  that  exhibit  such 
behavior  and  are  therefore  being  used  in  engineering  applications  that  require  “smart  structures” 
e.g.  sensors,  actuators  and  transducers  [1]. 

Indentation  has  proven  to  be  a  valuable  technique  to  assess  elastic  (e.g.  Young’s 
modulus)  and  plastic  (e.g.  strain  hardening  or  Yield  strength)  properties  of  mechanical  solids. 
The  technique  is  advantageous  in  that  it  can  be  applied  for  several  scales,  ranging  from  micro-  to 
nano-scale  indentation  and  thus  properties  of  bulk  materials  as  well  as  thin-films  and  strips  can 
be  evaluated  [2].  Usefulness  of  this  technique  is  largely  due  to  the  development  of  theories  that 
describe  the  indentation  process  through  continuum  and  contact  mechanics. 

In  the  case  of  piezoelectric  solids,  indentation  is  an  interesting  topic  from  both  a  scientific 
as  well  as  engineering  points  of  view.  For  example,  it  could  enhance  the  understanding  of  how 
current  is  extracted  in  “contact  prone”  applications  such  as  micro-dynamos.  Furthermore, 
indentation  would  offer  a  fast  and  non-destmctive  test  to  evaluate  both  materials  properties  and 
to  assess  quality.  The  latter  could  be  useful  for  assessing  degradation  in  piezoelectric  properties 
due  to  polarization  loss. 

Until  recently  the  theory  for  describing  the  process  of  indentation  of  a  piezoelectric  solids 
has  been  available  only  for  certain  geometries  and  boundary  conditions  [3].  The  objective  of  this 
paper  is  to  present  and  experimentally  validate  a  general  theory  describing  the  indentation  of 
piezoelectric  solids. 
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THEORY 


While  a  theory  was  developed  for  flat  circular,  spherical  and  sharp  conic  indenters  [4],  this  paper 
will  focus  on  the  case  of  a  spherical  indenter.  The  problem  is  formulated  schematically  in  Fig.  1 
by  using  cylindrical  coordinates  (r,e,  z),  where  z  is  the  vertical  axis,  r  is  the  axis  in  the  radial 
direction  and  6  is  the  in-plane  angular  direction.  Polarization  axis  is  the  z-axis,  which  is  also  the 
axis  of  transverse  isotropy  and  the  loading  axis.  The  indenter  is  characterized  by  its  diameter  D 
and  whether  it’s  a  perfect  conductor  or  insulator.  It  penetrates  a  piezoelectric  solid  along  the  z 
direction. 


0 


Diameter: 


Insulator:  D^-0 
Conductor:  <l>  =  4> 


Figure  1.  Problem  formulation 

The  stress  equilibrium  equations  in  the  absence  of  body  or  inertia  forces  are 
diver, y  =  0, 


(1) 


where  er^,  <jQe ,  and  are  the  non-zero  stress  components.  In  the  absence  of  volume  electric 
charges,  the  Maxwell  electrostatic  equation  is 

divZ).  =0,  (2) 

where  (D  ,  D)  is  the  electric-displacement  vector.  For  the  case  of  a  spherical  indenter,  it  is 
justifiable  to  use  the  small-strain  geometric  relations 

=sym(gradM.),  ^3^ 

where  ,  u)  is  the  mechanical  displacement  vector.  The  electric  flux  is  given  by  the  Gauss 
equation: 

curlE  =  -curl(grad0)  =  0,  ^4^ 

In  addition  to  the  fundamental  Eqs.  (l)-(4),  the  following  constitutive  relations  for  the  stresses 
and  electric  displacements  are  valid  for  a  linear  piezoelectric  solid: 
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^rr  ~  ^12^60  ^  ^I3^zz 

^ee  ~  ^n^ee  '^^i3^h  “^3i^z, 

^zz  ~  ^13  (^rr  +  ^00  )  ■*"  ^33^zz  ~  ^33^z. 

<7zz=^44rzz-^15^r 

^.  =  ^i5r.+£iX 

•^z  ~  ^31  (^rr  +  ^00  )  ■*■  ^33^ zz  '*’  ^33^z 


(5) 

(6) 

(7) 

(8) 

(9) 

(10) 


where  c.. ,  e.^  and  are  the  5  elastic,  3  piezoelectric  and  2  dielectric  constants  respectively. 

The  indenting  punch  is  assumed  to  be  rigid,  frictionless  and  spherical  (with  a  diameter  D) 
and  indents  the  piezoelectric  space  by  transferring  a  load  P  by  advancing  the  nonconformal 


contact  monotonically  with  load. 

Fig.  2  shows  the  advancing  surface 
were  h  is  the  penetration  depth 
measured  from  an  initially  flat  surface 
and  a  is  the  projected  contact  area. 
Along  the  contact  area  and  the  surface 
of  the  piezoelectric  solid,  the  following 
mechanical  boundary  conditions  must 
be  satisfied: 

u^{r,0)  =  h - ;  0<r<a,  (11) 


CJ„(r,0)  =  0;  r>0, 

o-z,(r,0)  =  0;  r>a 


(12) 

(13) 


Figure  2.  The  advancing  indenter 


If  the  indenter  is  a  perfect  conductor,  the  following  electrical  boundary  conditions  at  the  surface 
are  obtained: 


0(r,O)  =  0o;  0<r<a,  (14) 

DJr,0)  =  0;  r  >  a,  (15) 

whereas  if  the  indenter  is  a  perfect  insulator  the  electrical  boundary  condition  becomes: 

Z)^(r,0)  =  0;  r>0.  (16) 

Finally,  the  principal  quantities  (m^,  u^,  and  (p)  must  have  continuous  derivatives  and  must  decay 
to  zero  asymptotically,  sufficiently  far  away  from  the  contact  area. 

(0,0,0),  Vz^  +r^  (17) 


The  Eqs.  (I)-(IO)  using  the  boundary  conditions  (11)-(17)  have  been  solved  by  Giannakopoulos 
and  Suresh  [4].  In  this  paper,  only  the  pertinent  results  will  be  presented  in  forms  of  equations 
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describing  the  mechanical  (indentation  force,  P)  and  electrical  (charge,  Q,  or  potential,  0) 
responses  for  three  cases  of  indentation,  namely: 

(i)  unpoled  piezoelectric  solid 


„  C„16a’ 

3D 

(18) 

(ii)  poled  piezoelectric  solid  and  insulating  indenter 

_  C,-I6a^ 

P  =  — 2 - 

3D 

(19) 

'-■Iff) 

(20) 

(iii)  poled  piezoelectric  solid  and  perfectly  conducting  indenter 

„  C, -Iba^  _ 

P  - 1-  C,  •  4a  •  00 

3D  ^  ° 

(21) 

^  C, ^ 

3D 

(22) 

The  constants  C,.  are  material  constants  and  depend  in  a  complicated  way  on  the  5  elastic,  3 
piezoelectric  and  2  dielectric  constants.  Examining  Eqs.  (18)-(22)  it  is  noteworthy  that:  (i)  the 
indentation  force  has  the  same  form  for  the  cases  of  unpoled  sample  and  poled  sample/insulating 
indenter  but  differs  in  the  magnitude  due  to  differences  in  the  material  contant  C,,  (ii)  in  the  case 
of  poled  sample/conducting  indenter  the  mechanical  resistance  of  the  solid  can  be  weakened  or 
strengthened  by  a  potential  applied  to  the  indenter.  Furthermore,  in  the  case  of  the  unpoled 
sample  there  is  no  net  electrical  response  (as  would  be  expected)  whereas  for  the  other  two  cases 
there  is  either  a  potential  or  a  charge  buildup  due  to  the  indentation. 

By  electrically  grounding  the  indenter  the  developed  charge  under  the  contact  area  will 
induce  a  compensating  charge  in  the  indenter.  Due  to  the  continuity  of  the  process,  the  developed 
and  induced  charges  increase  as  the  indenter  advanced  and  thus  a  quasistatic  current  given  by  Eq. 
(23)  can  be  measured  between  the  electrical  ground  and  the  indenter. 

dQ_Q2~a  3^  (757 

dt  2  2 

MATERIALS  AND  METHODOLOGY 

PZT-4  and  Barium  titanate  (BT)  were  chosen  as  specimen  since  (i)  the  elastic,  piezoelectric  and 
dielectric  constants  have  been  well  established  [5]  for  these  two  cases  and  (ii)  because  they  were 
both  available  commercially  with  reproducible  microstructures.  Samples  of  3  mm  thickness  and 
1  [m  grain  size  were  prepared  and  the  surfaces  were  polished  down  to  0.05  pm  roughness.  Care 
was  taken  during  polishing  to  limit  the  maximum  grit  roughness  to  1pm  in  order  to  avoid 
excessive  depoling  and  damage  to  the  surface.  The  experimental  setup  has  been  described  in 
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detail  in  literature  [6]  and  is  shown  schematically  in  Fig.  3.  The  Penetration  force  and  depth  are 
monitored  with  a  load  cell  and  fotonic  sensor  respectively.  An  electrometer  is  used  to  measure 
the  quasistatic  current.  Both  the  lower  cross  head  as  well  as  the  indenter  were  electrically 
grounded  in  order  to  obtain  the  desired  boundary  conditions.  The  indenters  were  10  mm  and  13 
in  diameter  and  were  made  of  (i)  stainless  steel  316,  (ii)  tungsten  carbide  (WC)  and  (iii) 
sapphire. 

-  Upper  Crosshead 
Mirror 

Fotonic  Sensor 
Lower  Crosshead 


Figure  3.  Experimental  indentation  setup. 


RESULTS  AND  DISCUSSION 


Figure  4  shows  an  example  of  predicted  and  measured  mechanical  response  of  PZT-4  for  the 
three  cases:  (i)  unpoled  sample,  (ii)  poled  sample/conducting-WC  indenter  and  (iii)  poled 
sample/insulating-sapphire  indenter  [7].  As  expected  from  Eqs.  (18),  (19)  and  (21)  the  estimated 
stiffness  response  is  different  for  the  three  different  cases.  The  experimental  values  while  not 
matching  the  estimated  curves  perfectly,  do  reproduce  the  expected  trends  for  the  three  cases. 
Moreover,  there  is  a  good  agreement  for  the  differences  between  each  case.  In  the  case  of  BT 
opposite  trends  to  that  of  PZT-4  were  expected  based  on  the  analytical  calculations  due  to  the 
differences  in  materials  properties  and  the  experiments  confirmed  the  theory  also  in  this  case  [7]. 


The  electrical  responses  due  to 
indentation  at  5  |Lim/min  of 
PZT-4  and  BT  are  shown  in 
Figs.  5  a-d.  It  can  be  seen  from 
comparing  Figs.  5a  and  c  with 
5  b  and  d,  that  the  polarity  of 
the  quasistatic  current  changes 
when  the  poling  direction  is 
reversed.  In  the  case  of  BT  a 
reasonable  agreement  is  found 
between  calculations  and 
measurements  whereas  for 
PZT-4  the  calculations  over 
predict  the  current  by  an  order 
of  magnitude  over  the 
measured  values. 


Figure  4.  Estimated  and  predicted  mechanical  responses  of  PZT  4. 


This  is  attributed  to  either  (i)  a  certain  amount  of  charge  transfer  between  indenter  and  specimen 
or  (ii)  a  deviation  in  the  actual  material  properties  of  PZT-4  from  the  ones  obtained  from 
literature.  Fig.  6  shows  the  effect  of  velocity  on  the  quasistatic  current  by  recording  current 
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responses  after  68  seconds  of  indentation  at  4  velocities,  (5,  10,  20  and  50  nm/min)  on  PZT-4 
and  BT.  Eq.  (23)  predicts  that  the  slope  of  all  four  sets  of  points  should  yield  to  3/2  and  the 
average  of  the  four  slopes  is  indeed  close  to  this  value. 


t,  s 

Figure  5.  Measured  quasistatic  current  due  to  indentation  of:  (a)  PZT-4,  +  side,  (b) 
PZT-4,  -  side,  (c)  BT,  +side,  (d)  BT,  -side.  Solid  curves  are  estimated  currents 
and  dashed  curves  are  estimated  currents  at  the  limit  when  substrates  are 
incomnressible. 


In  order  to  investigate  whether  the  current  technique  is  sensitive  enough  to  measure  polarization 
loss,  BT  samples  were  annealed  in  Ar  for  various  lengths  of  time  after  which  the  indentation 
induced  current  responses  were  measured.  The  material  constant  C,  which  is  a  strong  function  of 
the  piezoelectric  properties  was  evaluated  from  the  current  responses  through  Eq.  (23).  Fig.  7 
shows  the  decrease  in  Q  due  to  enhanced  polarization  loss  after  annealing  treatments  at  363,  373 
and  383  K.  The  essential  behavior  of  the  loss  in  Q  vs.  annealing  time  is  similar  to  the  loss  in 
dielectric  constant  versus  annealing  time  reported  by  Mason  [8].  Interpolation  was  carried  out 
according  to  the  following  relation  used  by  Mason  [8]  to  evaluate  the  activation  energy: 


E^{R  =  1.987  calK~’mole"\gasconstant)  = 


^  RT.T^ 


[T^-T,  j 


(24) 


The  activation  energy  was  evaluated  to  be  15  kcal/mole  at  373  K. 


56 


Figure  6.  Power  of  indentation- velocity  Figure  7.  Change  in  the  constant  Cj  due 

dependence  on  current.  to  polarization  loss. 


CONCLUSIONS 

•  A  theory  for  predicting  the  mechanical  and  electrical  responses  due  to  indentation  of 
piezoelectric  ceramics  have  been  developed. 

•  The  experimental  results  reproduce  the  basic  features  predicted  by  the  analytical  results. 

Mechanical  response  changes  depending  on  poling  and  whether  the  indenter  is  a 
conductor  or  insulator. 

-  Electrical  response  depends  on  indentation  velocity  and  indenter  size 

•  The  present  method  can  potentially  be  used  to  detect  polarization  losses  at  elevated 
temperatures. 

REFERENCES 

1.  K.  Uchino:  Piezoelectric  Actuators  and  Ultrasonic  Motors,  Kluwer,  Boston,  1997 

2.  S.  Suresh,  J.  Alcala  and  A.E.  Giannakopoulos;  M.I.T.  Case  No.  7280,  Technology 
Licensing  Office,  M.I.T.,  U.S.  Patent  Application  pending,  1996 

3.  S.  Matysizk:  Bull.  Polish  Akad.  Sci.  (Tech.  Sci.),  Vol.  33,  No.  23 

4.  A.E.  Giannakopoulos  and  S.  Suresh:  Acta  Materiala,  Vol.  47,  No.  7,  pp.  2153-2164 
(1999) 

5.  B.  Jaffe,  W.R.  Cook  and  H.  Jaffe:  Piezoelectric  Ceramics,  Academic  Press,  New 
York,  1971 

6.  S.Sridhar,  A.  Giannakopoulos,  S.  Suresh  and  U.  Ramamurty,  J.  Appl.  Phys.,  Vol.  85, 
No.  l,pp.  380-387(1999) 

7.  U.  Ramamurty,  S.  Sridhar,  A.E.  Giannakopoulos  and  S.  Suresh:  Acta  Materiala, 
(1999) 

8.  W.P.  Mason:  J.  Acoust,  Soc.  Am.  Vol.  27,  p.  73  (1955) 


EFFECTS  OF  ELECTRIC  FIELDS  ON  THE  BENDING  BEHAVIOR 
OF  PIEZOELECTRIC  COMPOSITE  LAMINATES 

J.  Q.  CHENG,  T.  Y.  ZHANG*,  M.  H.  ZHAO,  C.  F.  QIAN,  S.  W.  R.  LEE.  P.  TONG 
Department  of  Mechanical  Engineering,  Hong  Kong  University  of  Science  and  Technology, 
Clear  Water  Bay,  Kowloon,  Hong  Kong,  China 


ABSTRACT 

This  paper  investigates  the  bending  behavior  of  piezoelectric  laminates  under  combined 
mechanical  and  electrical  loading.  The  laminate  has  a  PZT-5H  ceramic  core  sandwiched  by 
graphite/epoxy  plates.  Three-point  bending  tests  and  in-situ  acoustic  emission  measurements 
were  conducted  on  the  PZT-5H  laminates  preloaded  by  an  applied  electric  field.  The  results 
show  that  the  PZT-5H  core  fractures  first  and  then  delaminaton  occurs  along  the  tensile  stressed 
interface  between  the  PZT  ceramic  and  the  graphite/epoxy  layer.  Finite  element  analysis  was 
performed  to  analyze  stresses  in  the  sandwich  structure  under  combined  mechanical  and 
electrical  loading.  Consequently,  the  bending  strength  of  the  PZT  core  was  evaluated  from  the 
experiment  data.  The  electric  field,  either  positive  or  negative,  reduces  the  fracture  strength  of 
the  PZT  core. 

INTRODUCTION 

Due  to  the  excellent  characteristics  of  piezoelectricity  and  pyroelectricity,  ferroelectric 
ceramics  have  received  much  attention  and  found  wide  applications.  Sensors  and  actuators 
utilize  the  direct  and  converse  piezoelectric  effects  respectively.  Multi-layered  actuators, 
sensors,  displacement  transducer,  etc.,  directly  utilize  the  accumulative  results  of  stacks  to 
improve  the  efficiency  and  sensitivity  [1].  Recently,  Lee  and  Li  [2]  developed  a  prototype  rotary 
motor  by  using  anisotropic  composite  laminates.  The  driving  element  is  a  PZT-5H  core 
sandwiched  between  two  anti-symmetric  carbon  fiber  reinforced  composite  laminae,  as  shown  in 
Figure  1.  The  PZT  core  functions  as  an  actuator  to  produce  extension-twisting  coupling  of  the 
anti-symmetric  composite  under  an  AC  electric  field.  The  twisting  motion  of  the  composite 
drives  the  motor  to  rotate.  Clearly,  the  motor  is  subjected  to  both  electric  and  mechanical  fields. 
Therefore,  the  reliability  of  the  PZT  composite  under  combined  electric  and  mechanical  loading 
is  one  of  the  fundamental  issues  that  determine  whether  the  motor  can  be  really  put  into  use. 
Indeed,  performance  degradation,  delamination,  and  cracking  are  observed  in  PZT  composites, 
especially  under  high  electrical  and/or  mechanical  fields  and  after  long  term  service  [3,  4]. 
Theoretical  work  [5,  6]  was  performed  to  analyze  the  PZT  laminate.  Experimentally,  Seeley  et 
al  [7]  observed  significant  effects  of  debonding  and  stacks  of  piezoelectric  composite  beams  on 
the  dynamic  response  and  the  control  authority.  Regarding  this  respect,  however,  more 
theoretical  and  experimental  work  is  needed  for  better  understanding  and  improved  design  of 
this  kind  of  structure. 

This  paper  focuses  on  the  effect  of  electric  field  on  the  bending  behavior  of  the  PZT 
laminate,  which  was  used  in  making  the  PZT  motor  [2].  In  the  present  study,  we  conducted 
three-point  bending  tests  and  in-situ  acoustic  emission  (AE)  measurements.  The  failure  process 
was  analyzed  on  the  basis  of  the  sum  of  AE  signals  and  ultrasonic  images.  According  to  the 
failure  process,  we  divided  the  load-displacement  curve  into  three  stages,  wherein  one  failure 

*  Tel:  (852)2358  7192,  Fax;  (852)  2358  1543,  E-mail:  mezhangt@ust.hk 
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mode  dominates  in  each  stage.  We  performed  finite  element  analysis  (FEA)  to  analyze  the  stress 
field  in  the  PZT  sandwich  plate  under  combined  mechanical  and  electrical  loading.  Using  the 
FEA  results  and  the  experimental  data,  we  studied  the  effect  of  an  applied  electric  field  on  the 
bending  strength  of  the  PZT  core. 

SPECIMEN  PREPARATION  AND  EXPERIMENT  PROCEDURE 


Specimen  Preparation 

Figure  1  shows  a  three-layer  composite 
laminate  specimen.  The  core  is  a  piece  of  soft 
PZT-5H  ceramics  (Morgan  Matroc,  Inc.).  The 
poling  direction  of  the  ceramic  is  along  the  z- 
axis,  as  shown  in  Fig.l.  The  core  thickness  tp 
was  measured  piece  by  piece  to  be  0.76,  0.80, 
0.81,  0.82,  0.83, 0.85,  0.87  or  0.88  mm.  The  top 
and  the  bottom  layers  were  cut  from  the 
unidirectional  AS4/3501-6  graphite/epoxy 
composite  with  a  thickness  of  1.00  mm 
(Hercules,  Inc.).  The  reinforced  fiber  direction 
was  arranged  at  -45°  and  445°  (see  Figure  1  for 
0),  respectively.  The  material  properties  are  listed 


Fig.l  A  schematic  depiction  of  the 
PZT  composite  laminate  structure. 


in  Table  1. 


Table  1.  Material  properties  of  fiber  reinforced  composite  ( FRC )  and  PZT  plate 
(The  elastic  and  piezoelectric  constants  are  in  units  of  GPa  and  10  *^  C/N,  respectively.) 


El 

E2 

E3 

Gi2 

Gi3 

G23 

V,2 

Vl3 

V23 

-dsi 

d33 

di5 

FRC 

138 

8.96 

8.96 

7.1 

7.1 

3.09 

0.3 

0.3 

0.45 

- 

_ 

- 

PZT 

61 

61 

48 

23.3 

19.1 

19.1 

0.31 

0.31 

0.31 

274 

593 

741 

Two  fiber  reinforced  composite  laminae 
with  the  same  size  of  1 14  mm  x  30  mm 
were,  respectively,  bonded  to  two  sides 
of  an  as  manufactured  PZT-5H  core 
plate  using  Epoxy  302  adhesive  (Epoxy 
Technology,  Inc.).  The  curing  conditions 
were  room  temperature  for  6  hours. 
Then,  rectangular  specimens  with  the 
dimension  of  7.0  mm  x  30.0  mm  were 
cut  from  the  cured  PZT  composite 
laminates  with  a  diamond  saw.  The 
cutting  surfaces  were  polished  using  600 
grit  abrasive  paper.  The  Scanning 
Acoustic  Microscope  (SONIX)  was  used 
to  examine  the  bonding  interfaces  and 
only  well  bonded  samples  were  adopted 
for  subsequent  tests. 


Fig.2  The  experimental  setup  for  the  three- 
point  bending  test  and  AE  measurement. 
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Experimental  Setup  and  Procedure 


Figure  2  is  a  schematic  depiction  of  the  experimental  setup.  Three-point  bending  tests 
with  a  span  distance  a=\9.5  mm  were  carried  out  on  the  test  machine  (MTS  SINTECH)  at  room 
temperature.  An  acoustic  emission  sensor  (Physic  Acoustic  Corporation)  was  installed  at  one 
end  of  the  specimen  to  measure  in-situ  AE  signals,  as  shown  in  Figure  2.  The  two  surfaces  of  the 
PZT  core  were  covered  entirely  by  electrodes.  Therefore,  the  direction  of  an  applied  electric 
field  is  parallel  (positive)  or  anti-parallel  (negative)  to  the  poling  direction.  The  exposed 
electrodes  of  the  specimen  were  isolated  from  air  by  silicon  grease  in  order  to  prevent  potential 
discharging.  Many  samples  were  tested  under  each  of  the  following  applied  electric  fields;  0, 
±172  kV/m,  ±437  kV/m,  and  ±1034  kV/m.  The  electric  field  was  provided  by  a  high-voltage 
DC  power  supply.  After  a  voltage  was  applied  to  the  PZT  composite  laminate,  the  mechanical 
load  was  applied  at  a  crosshead  rate 


of  0.25  mm/min  until  the  specimen 
failed.  In  the  meanwhile,  the  AE 
signals  in  a  real  time  mode  were 
monitored  using  the  AE  measurement 
system. 

FAILURE  PROCESS 

Figure  3  shows  a  typical  load- 
displacement  curve  and  the 
accumulated  in-situ  AE  signals  under 
purely  mechanical  loading.  According 
to  the  experimental  results,  the  failure 
process  of  the  PZT  composite 
laminate  may  be  divided  into  three 
stages,  namely  Stage  I,  Stage  II  and 
Stage  III.  In  the  Stage  I  (from  the 
beginning  to  Point  A),  there  are  no 
detectable  AE  signals.  Stage  11  (from 
Point  A  to  Point  B)  begins  with  a 
slight  change  in  the  slope  of  the  load- 
displacement  curve  and  the 
occurrence  of  AE  signals.  In  Stage  III 
(from  Point  B  to  Point  C),  the  slope 
of  the  load-displacement  curve 
decreases  substantially  and  AE 
signals  occur  much  more  frequently. 
It  is  clear  that  damage  takes  place  in 
Stages  n  and  III.  Figures  4(a),  4(b) 
and  4(c)  show  ultrasonic  images 
taken  from  samples  loaded  to  point 
A,  B  and  C  respectively.  Point  A 


0.0  0.4  0.8 


Displacement  (mm) 

Fig,3  A  typical  load-displacement  curve 
and  the  accumulated  in-situ  AE  signals. 


corresponds  to  the  fracture  of  the 

PZT  core.  Interface  debonding  occurs  Fig.4  Ultrasonic  images  show  the  broken 
at  Point  B.  Point  C  stands  for  PZT  core,  debonding  and  delamination, 
substantial  delamination  of  the  (a)  at  Point  A,  (b)  at  Point  B,  and  (c)  at  Point  C. 
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laminate.  In  other  words,  Stage  I  is  the  linear  elastic  deformation  region.  The  fracture  of  the  PZT 
core  dominates  in  Stage  11  and  the  delamination  of  interface  occurs  in  Stage  m. 


BENDING  STRENGTH  OF  THE  PZT  CORE 

As  mentioned  before.  Point  A  in  the  load-displacement  curve  corresponds  to  the  fracture 
of  the  PZT  core.  Like  a  normal  three  point  bending  test  that  yields  the  bending  strength  of  the 
tested  sample,  we  will  assess  the  bending  strength  of  the  PZT  ceramics  using  the  value  of  the 
mechanical  load  at  point  A  together  with  the  applied  electric  field.  First  we  performed  FEA  with 
the  commercial  code  ABAQUS  and  3D  solid  elements  to  analyze  the  stress  field  in  the  PZT 
con^)osite.  A  linear  constitutive  relationship  is  employed  in  the  FEA.  The  FEA  results  show  that 
the  bending  stress  at  the  tensile  stressed  interface  in  the  PZT  core  is  almost  uniformly  distributed 
along  the  width  of  the  specimen,  except  that  small  perturbation  occurs  near  the  two  free  edges. 
In  this  study,  the  maximum  bending  stress,  <j^ ,  in  the  PZT  core,  corresponding  the  load  at  Point 
A  and  the  electrical  field,  is  defined  as  the  bending  strength,  <7^  ,  of  the  PZT  core.  Moreover, 
the  maximum  stress  just  corresponds  to  the  load  at  Point  A  without  including  the  contribution 
from  the  electric  loading  is  defined  as  the  apparent  bending  strength  <7^^  which  is  also 

commonly  used  in  literature.  From  the  FEA  results,  <7 ^  and  (7^^  are  respectively  expressed  as 


(MPa) 

(1) 

(MPa) 

(2) 

where  P  (N)  is  the  mechanical  load  at  Point  A  and  V  (V)  is  the  applied  voltage,  /,  (MPa/N)  and 
/jCMPaA/')  are  two  positive  coefficients  depending  on  the  PZT  core  thickness  and  material 
properties.  For  the  material  constants  shown  in  Table  1,  Table  2  lists  the  two  coefficients  /,  and 
/j  for  several  thicknesses  of  the  PZT  core. 


Table  2.  The  coefficients //  and/2  for  different  thickness  of  PZT  core 
(tpji  and/2  are  in  units  of  10' V  MPa/N  and  MPaA^,  respectively) 


_ _ 

0.76 

0.80 

0.83 

0.85 

0.87 

0.88 

. 

0.6986 

0.6916 

0.6857 

0.6813 

0.6768 

0.6744 

f2 

0.0164 

0.0151 

0.0142 

0.0137 

0.0132 

0.0129 

Figure  5  shows  the  bending  strength  and  the  apparent  bending  strength  of  the 
PZT  as  a  function  of  the  applied  electric  field  of  E-V/tp.  In  general,  the  measured  data  of  both 
bending  strength  and  apparent  bending  strength  scatter  greatly  at  each  level  of  the  electric  field. 
Since  we  ignore  the  electric  field  fluctuation,  the  scattering  in  both  bending  strength  and 
apparent  bending  strength  stem  from  the  measurement  of  the  mechanical  load  at  Point  A.  When 
the  applied  electric  field  strength  is  in  the  range  of  ^37  kV/m  to  +437  kV/m,  the  applied 
electric  field  has  little  influence  on  either  the  bending  strength  or  the  apparent  bending  strength. 
Under  the  applying  negative  electric  field  of  -1034  kV/m,  the  apparent  bending  strength 
increases  slightly  from  162.25  MPa  under  purely  applied  mechanical  loading  to  166.91  MPa, 
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while  the  bending  strength 
decreases  to  154.73  MPa. 

However,  the  applied  positive 
electric  field  of  +1034  kV/m 
reduces  greatly  the  apparent 
bending  strength  and  bending 
strength,  respectively,  to 
129.39  and  141.32  MPa.  The 
bending  strength  includes 

the  contribution  of  the  applied 
electric  field  to  the  stress 
through  the  linear  constitutive 
relationship.  If  the  linear 
constitutive  relationship  holds, 
the  measured  bending  strength 
should  be  a  constant 
independent  of  the  applied 
electric  field.  The  fact  that  both 
negative  and  positive  electric 

fields  reduce  the  bending  strength  implies  that  the  applied  electric  field  may  nonlinearly  induce 
an  internal  stress  field,  which  assists  the  applied  mechanical  load  to  fi*acture  the  PZT  core.  Fu 
and  Zhang  [8]  and  Makino  and  Kamiya  [9]  have  observed  the  same  phenomenon  that  a  negative 
or  positive  electric  field  reduces  the  bending  strength  of  PZT  ceramics.  The  reduction  in  the 
bending  strength  under  applied  electric  field  may  be  due  to  the  internal  stress  induced  by  domain 
switching  which  behaves  nonlinearly.  Fu  and  Zhang  [8]  have  proposed  a  domain  wall  motion 
model  to  predict  the  effects  of  electric  fields  on  the  bending  strength  of  the  PZT.  The  domain 
wall  motion  model  provides  the  following  relationship  between  the  bending  strength  and  the 
applied  electric  field 


Electric  field  (kV/m) 

Fig.  5  Comparision  of  the  bending  strength 
and  the  apparent  bending  strength. 


<7^  =cr5-(Toexp(l-£:o/|^|) 


(3) 


where  is  the  bending  strength  under  zero  applied  electric  field,  Gq  and  Eo  are  empirical 
parameters  to  be  determined  from  fitting.  Fitting  the  data  of  the  bending  strength  of  the  PZT 
core  gives 


ao=ll  (MPa), 

£0=1414  (kV/m) 
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e, 
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The  fitting  curves  are  plotted  in  Figure  6,  indicating  that  the  experiment  results  can  be  described 
by  the  domain  wall  motion  model. 

CONCLUDING  REMARKS 

Three-point  bending  tests  were  conducted  to  study  the  bending  behavior  of  the  PZT 
sandwich  plates  at  various  levels  of  applied  electric  field.  The  AE  signal  analysis  and  ultrasonic 
images  confirmed  the  failure  process  of  the  PZT  composite  laminate.  Under  applied  mechanical 
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and  electric  loading,  the  PZT 
conposite  laminate  failed  with  first 
the  fracture  of  the  PZT  core  and  ^ 

then  the  delamination  of  the  & 

interface.  A  negative  or  positive  ^ 

electric  field  of  ±1034  kV/m  % 

decreases  the  bending  strength  of  ^ 

the  PZT  core  in  the  laminate.  The 
domain  wall  motion  model  is  .B 

employed  to  explain  the  effects  of  g 

applied  electric  fields  on  the 
bending  strength  of  the  PZT  core. 

The  delamination  of  the  interfaces 
between  the  PZT  core  and  the 
graphite/epoxy  plate  will  be 
reported  separately. 
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ABSTRACT 

Materials  such  as  langasite  (LajGajSiOiJ  and  related  compounds  are  promising  candidates  for 
piezoelectric  applications  at  high  temperatures.  In  particular,  langasite  does  not  exhibit  phase 
transformations  up  to  the  melting  point  of  1470  °C.  Langasite  was  investigated  with  respect  to 
potential  applications  in  high  temperature  resonator  devices.  In  contrast  to  current  resonator 
materials,  we  have  observed  bulk  oscillations  at  temperatures  of  up  to  750  °C  in  langasite 
devices.  At  700  °C  the  mass  load  response  for  0.78  mm  thick  resonators  is  approximately 
0.10  pg/Hz. 

At  elevated  temperatures,  the  bulk  resistivity  of  the  resonator  devices  cannot  be  neglected  due 
to  attenuation  of  the  resonance  signal.  Therefore,  the  temperature  dependence  of  the  electrical 
properties  of  langasite  resonator  devices,  including  bulk  resistivity,  capacity  and  resonance 
frequency  were  measured  and  are  presented.  The  electrical  conductivity  is  characterized  by  an 
activation  energy  of  105  kJ/mol.  In  order  to  confirm  langasites  stability  with  respect  to  oxidation- 
reduction  reactions,  we  examined  the  oxygen  diffusivity  by  measuring  '®0  tracer  profiles  by 
SIMS.  The  diffusivity  along  the  Y-axis  is  given  by  D  =  510'^  exp(-140  kJ/mol  /  RT)  cmVs  in 
the  temperature  range  from  500  to  800  °C.  Langasite  shows  low  oxygen  diffusion  coefficients 
with  respect  to  other  materials  which  might  be  investigated  using  a  langasite  microbalance.  This 
would,  for  example,  enable  oxygen  diffusion  kinetics  to  be  examined  in  YBa^GUjOg  at  600  °C 
by  means  of  exchange. 

INTRODUCTION 

Piezoelectric  crystals  such  as  quartz  are  widely  used  as  high  precision  transducers  and  sensors 
based  on  bulk  acoustic  waves  (BAW)  in  the  vicinity  of  room  temperature.  An  important 
application  in  which  the  resonance  frequency  shift  of  the  transducer  is  correlated  with  a  very 
small  mass  change  is  the  use  of  such  transducers  as  nanobalances.  However,  the  application 
temperature  of  current  piezoelectric  devices  is  limited  by  the  intrinsic  properties  of  the 
piezoelectric  materials.  Materials  which  exhibit  ■  attractive  room  temperature  piezoelectric 
properties  either  decompose  (e.g.  LiNbOj  at  300  °C)  or  exhibit  phase  transformations  (e.g. 
LijB^O,  at  apr.  500  °C)  at  elevated  temperatures.  The  highest  current  application  temperature  of 
450  °C  is  reached  by  quartz  resonators  above  which  high  losses  and  phase  transformations 
prevent  its  use. 

Promising  candidate  materials  for  piezoelectric  applications  at  high  temperatures  are  langasite 
(LajGajSiOi^)  and  gallium  phosphate  (GaP04).  Langasite  does  not  undergo  phase  transformations 
up  to  the  melting  temperature  of  1470  °C.  Gallium  phosphate  transforms  into  the  p-phase  at 
930  °C. 

The  subject  of  this  investigation  is  the  high  temperature  properties  of  langasite.  Of  particular 
interest  for  stable  operation  of  langasite  as  a  high  temperature  BAW  resonator  are  high  resistivity 
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and  low  oxygen  diffusivity.  Thus,  the  kinetic  mechanisms  controlling  electronic  and  ionic  transport 
in  this  oxide  must  be  evaluated.  Based  on  these  data,  the  maximum  application  temperature  might 
be  estimated. 

The  recent  literature  does  not  contain  data  for  the  high  temperature  properties  of  langasite  [1]. 
High  temperature-stable  piezoelectric  materials  may  enable  new  applications  including: 

-  In  situ  deposition  rate  monitoring  during  vapor  phase  deposition  processes. 

-  High  temperature  gas  sensors  based  on  adsorption  and  stoichiometry  change. 

-  Thermogravimetry  on  small  volumes. 

-  High  temperature  processing  of  films  of  interest.  The  processing  of  crystalline  films  may 
require  elevated  substrate  temperatures. 


Hieh  Temperature  Resonator  Equivalent  Circuit 


Since  the  bulk  resistivity  Rp  of  the  resonator  device  becomes  sufficiently  small  at  some  elevated 
temperatures  to  attenuate  the  resonance  signal,  it  can  not  be  longer  neglected.  The  equivalent 
electrical  circuit  must,  therefore,  include  the  additional  resistor  Rp  as  shown  in  Fig.  1.  The  static 
capacitance  Cp  represents  the  bulk  capacitance  of  the  resonator  material.  Rg  reflects  the  energy 
dissipation  in  the  vibrating  system.  Lg  and  Cg  represent  its  mass  and  stiffness,  respectively  [2]. 


Fig.  1  Equivalent  electrical  circuit  for 
high  temperature  resonators 


With: 

Xp  = 

27ufCp 


X, 


27cfLs- 


1 

2nfC, 


(1) 


(2) 

(3) 


The  solution  of  Eq.  (1)  for  the  real  part  Z’  and  the  imaginary  part  Z"  of  the  impedance  may  be 
fitted  to  the  experimental  data  in  the  vicinity  of  the  resonance  frequency,  preferably  after 
determination  of  Cp  and  Rp  by  means  of  impedance  measurements  in  the  low  frequency  range. 

EXPERIMENTAL 


Sample  Preparation 

The  langasite  crystal  was  grown  by  the  group  of  Tohoku  University,  Institute  for  Materials 
Research.  The  starting  material  was  prepared  by  mixing  Lap,,  GajOj,  and  Si02  (purity  4N)  in 
stoichiometric  ratios.  After  calcination,  the  material  was  charged  into  a  crucible  (Pt-10%Rh)  and 
heated.  The  crystal  was  pulled  at  a  rate  of  1.5  mm/h  under  N2-2  %02  [3].  The  Pt  and  Rh  impurity 
concentrations  were  0.04  and  0.3  mass  %,  respectively. 

The  resonator  devices  used  were  polished  langasite  plates  (Y-cut,  thickness  0.78  mm,  diameter 
19  mm)  contacted  with  key  hole  shaped  platinum  electrodes.  In  addition,  Z-cut  plates  were  also 
prepared  for  oxygen  diffusion  measurements. 
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The  temperature  dependence  of  the  bulk  conductivity  was  determined  by  impedance  spectroscopy 
(HP4192a)  in  the  low  frequency  range  (Fig.  2). 


T[°C] 

900  800  700  600  500 


Z’  M  10''/T  [1/K] 

Fig.  2  Impedance  of  a  resonator  device  in  Fig.  3  Temperature  dependence  of  the  bulk 
the  low  frequency  range  conductivity 


The  bulk  capacity  is  temperature  independent  (28.4  pF).  Fig,  (3)  shows  the  temperature  dependent 
bulk  conductivity. 


gen  Self  Diffusion  in  Langasite 


The  oxygen  diffusion  in  langasite  was  studied  by  oxygen  isotope  exchange  experiments  in  the 
temperature  range  from  400  to  800  "C.  The  gas  mixture,  applied  at  total  pressures  of  1 1,  200  and 
1000  mbar,  contained  the  isotope  '®0  (93.7  %)  and  ‘®0  (6.3  %).  To  equilibrate  the  samples  and 
to  minimize  surface  defects  due  to  polishing,  all  samples  were  preannealed  in  a  pure 
atmosphere  for  times  much  longer  than  the  ‘®0/‘^0  exchange  time  at  the  same  temperature. 


Subsequently,  the  '®0  content  of  the  samples 
spectrometer  (VG  SIMS). 


x  [nm] 

Fig.  4  Oxygen  depth  profile  after  annealing  at 
800  °C  in 


was  analyzed  using  a  secondary  ion  mass 

Fig.  4  shows  the  oxygen  depth  profile  after 
annealing  at  800  °C.  Even  at  high 
temperatures  the  '*0  concentration  at  the 
surface  of  the  sample  C(x  =  0,  t)  is 
significantly  lower  than  the  '®0 
concentration  in  the  surrounding  gas 
environment  Cq.  The  surface  exchange 
kinetics  must  therefore  be  taken  into 
consideration. 

The  diffusion  model  given  by  Kilner  et  al. 
[4]  describes  the  oxygen  diffusion  kinetics 
satisfactory.  Here,  the  oxygen  flux,  the 
surface  exchange  kinetics  and  the  bulk 
diffusion  are  expressed  by  J^,  k  and  D, 
respectively  (Eqs.  (4)  and  (5)). 
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Jo(x=0,t)  =  k(CG-C(x=0,t)) 


(4) 


p  aC(x,t) 

6x 


(5) 


C(x,t)  CgQ 


k 

-exp  — x  + 


Dt  eifc 


2v®t  D 


(6) 


The  measured  depth  profiles  were  fitted  by  a  least  square  regression  procedure  based  upon  the 
diffusion  solution  Eq.  (6)  where  x,  t  and  are  the  depth,  the  diffusion  time  and  the  natural 
background  '®0  concentration,  respectively.  Fig.  4  shows  good  agreement  between  the  model  and 
experiment.  The  derived  values  for  D  and  k  are  plotted  in  Fig.  5  and  6  as  a  function  of  the 
reciprocal  temperature. 
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Fig.  5  Temperature  dependence  of  the  Fig.  6  Temperature  dependence  of  the 
oxygen  diffusion  in  langasite  oxygen  surface  kinetics  of  langasite 


The  Arrhenius  plot  of  the  diffusion  coefficient  shows  that  oxygen  diffusion  is  controlled  by  a 
single  mechanism  in  the  temperature  range  from  500  to  800  °C.  At  400  °C,  an  alternate 
mechanism,  perhaps  diffusion  along  dislocations  begins  to  control  the  kinetics.  In  contrast  to  the 
surface  exchange  kinetics,  the  oxygen  diffusivity  is  oxygen  pressure  independent.  Both,  oxygen 
diffusion  and  the  surface  exchange  constant  are  slower  for  the  Y-cut  crystal. 


Temperature  Dependence  of  the  Resonance  Frequenc\ 


The  impedance  of  the  device  was  monitored  in  the  vicinity  of  the  resonance  frequency  in  order 
to  confirm  the  existence  of  bulk  oscillations  at  elevated  temperatures.  The  antiresonance 
frequency  was  used  as  the  characteristic  frequency  because  of  the  steeper  slope  at  zero  crossing 
of  the  imaginary  part  of  the  impedance  in  comparison  to  the  resonance  frequency. 

Fig.  7  shows  good  agreement  between  the  experimental  values  of  Z’  and  Z"  and  the  fit  according 
to  Eq.  (1).  The  fitting  parameters  were  Rg,  and  Cg  while  using  Rp  and  Cp  obtained  from  the 
impedance  measurements  at  low  frequency. 

Fig.  8  shows  the  temperature  dependence  of  the  antiresonance  frequency  in  the  range  from  20  °C 
to  750  °C  for  the  first  deposited  platinum  contact  (contact  1).  In  contrast  to  standard  resonator 
materials,  the  langasite  device  exhibits  bulk  oscillations  at  temperatures  of  up  to  750  °C. 
Optimization  of  the  electrical  properties  may  lead  to  the  observation  of  oscillations  at  even  higher 
temperatures. 
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The  influence  of  mass  loading  on  the  antiresonance  frequency  is  also  illustrated.  The  shift  in 
frequency  is  due  to  the  deposition  of  additional  platinum  onto  the  original  contacts  (contact  2). 
Fig.  1  shows  the  corresponding  experimental  results  and  the  calculated  temperature  dependence 
of  the  antiresonance  frequency. 


1 - ■ - 1 - ' - 1 — 

1.747  1.748  1.749 
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Fig,  7  Real  and  imaginary  part  of  the 
impedance  in  the  vicinity  of  the 
antiresonance  frequency 


T[°C] 


Fig.  8  Temperature  dependence  of  the 
resonance  frequency  of  a  resonator 
device  with  different  mass  loads 


Table  1  lists  the  electrical  parameters  resulting  from  impedance  measurements  with  contact  1. 
Here,  p  is  the  shear  modulus  as  explained  below. 


Tab.  1  Parameters  of  the  equivalent  circuit 


T  rc] 

fA  [Hz] 

Cs  [pF] 

Rs  [^>1 

p  [10'°  N/m^] 

20 

1763082 

27 

4.29 

103 

1762924 

WEBm 

33 

4.31 

198 

1761503 

21 

4.29 

300 

1758400 

0.59 

15 

4.25 

402 

1754044 

0.67 

31 

4.22 

502 

1748499 

0.80 

145 

4.16 

602 

1739485 

1.03 

435 

4.10 

701 

1725984 

1.35 

770 

3.99 

DISCUSSION 
Mass  Sensitivity 

The  mass  sensitivity  S  per  unit  area  A  as  defined  in  Eq.  (7)  is  plotted  in  Fig.  9  based  on  the 
knowledge  of  the  mass  of  the  contact  pair  (contact  1).  It  should  be  noted,  that  the  mass 
sensitivity  changes  slightly  in  the  temperature  range  up  to  750  °C.  In  addition,  the  value  of  the 
mass  sensitivity  is  confirmed  by  increasing  the  mass  of  the  contact  pair  (contact  2). 

The  relation  between  frequency  change  Af  and  mass  change  Am  may  be  calculated  using  Eq.  (8) 
(Sauerbrey  equation)  where  mo  and  f  are  the  mass  of  the  active  resonator  material  and  the  resonance 
frequency,  respectively.  This  expression  is  valid  for  small  mass  changes  with  Am/mo  <  2  %. 

S.lAm 

A  Af  “of 
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Using  Eq.  (8)  and  Eq.  (9)  for  the  mechanical  resonance  frequency,  the  mass  sensitivity  results 
in  Eq.  (10)  which  is  a  function  of  the  material  parameters  Qq  (density)  and  po  (effective  shear 
modulus)  and  of  device  dimension  resonator  thickness  1. 


This  enables  the  calculation  of  the  effective 
shear  modulus  (see  Tab.  1)  assuming  a 
nearly  constant  density  of  langasite  as  given 
in  [5].  It  should  be  noted,  that  the  mass 
sensitivity  may  be  increased  by  decreasing 
the  resonator  thickness. 

(9) 

So 


Fig.  9  Temperature  dependence  of  the  mass 
sensitivity  of  the  0.78  mm  thick 
langasite  resonator 


(10) 


CONCLUSIONS 

Langasite  resonators  were  operated  up  to  temperatures  of  750  °C.  The  decreasing  bulk  resistivity 
with  increasing  temperature  contributes  to  the  upper  temperature  limit.  In  addition,  improved 
concepts  for  contacts  are  necessary. 

Langasite  shows  low  oxygen  diffusion  coefficients  with  respect  to  other  materials  which  might 
be  investigated  using  a  langasite  microbalance.  This  would,  for  example,  enable  oxygen  diffusion 
kinetics  to  be  examined  in  YBajCujO^  at  600  ‘’C  by  means  of  ‘*0/'^0  exchange. 
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ABSTRACT 

This  paper  presents  an  original  linear  piezoelectric  motor  for  applications  in  space  and 
robotics.  The  originality  of  this  motor  consists  in  the  combination  of  longitudinal  and  shear 
modes  of  vibration  of  the  stator.  These  two  modes  are  mixed  to  produce  an  elliptical  vibration  of 
the  surface  of  the  stator  in  contact  with  a  slider.  The  motion  of  the  linear  slider  is  obtained 
through  friction  forces  that  develop  at  the  interface  between  the  stator  and  the  slider. 

This  motor  is  being  developed  for  applications  in  active  truss  members  of  variable  geometry 
structures,  such  as  those  used  in  space.  Currently,  these  structures  employ  stepper  motors.  It  is 
expected  that  replacing  these  electromagnetic  devices  with  ultrasonic  motors  will  offer  the 
following  advantages:  position-locking  without  power  supply,  compactness,  nonmagnetic 
operation,  and  lower  power  consumption. 

This  paper  details  the  design  of  this  motor  and  emphasizes  the  novel  concept  that  was 
developed  to  combine  the  longitudinal  and  shear  modes  of  vibration. 

INTRODUCTION 

The  purpose  of  our  research  is  to  develop  ultrasonic  motors  that  will  be  used  in  1L-2L 
actuators  for  variable  geometry  structures.  These  actuators  are  found  in  deployable  truss 
structures  sent  into  space,  for  use  in  modular  habitation  units,  satellite  anteimas,  cranes,  and  other 
structural  units.  At  the  present  time,  the  active  truss  members  that  are  used  to  deploy  and  retract 
these  structures  usually  employ  stepper  motors.  Our  motivation  was  to  replace  those  with 
ultrasonic  motors,  thereby  obtaining  the  following  advantages  over  the  electromagnetic  motors: 
more  compact  and  rugged  solid-state  design,  position-locking  without  power  supply,  lower 
power  consumption,  and  nonmagnetic  operation. 

The  most  fundamental  requirement  for  active  truss  members  is  that  they  be  able  to  double 
their  length  from  their  fully  retracted  state  to  their  fully  deployed  state.  Tliis  is  why  we  refer  to 
them  as  1L-2L  actuators.  This  requirement  is  probably  higher  than  necessary,  since  in  most 
classical  variable  geometry  structures,  a  length  variation  of  square  root  of  two  is  often  sufficient, 
as  shown  in  Fig.  1 . 

To  actuate  such  truss  members  by  means  of  an  ultrasonic  motor,  we  considered  the  following 
criteria: 

•  the  motor  should  be  embedded  into  the  truss  member;  this  would  result  in  a  more  compact 
truss  member  than  what  is  currently  used,  since  in  most  cases,  the  stepper  motor  is  fixed  to 
the  outside  of  the  truss 

•  the  motor  can  be  linear  or  rotary  (although  linear  would  result  in  a  simpler  system),  and  must 
provide  reversible  motion 

•  the  motor  should  deliver  a  large  force  (and  large  locking  force),  which  is  defined  according  to 
the  structure  size  and  function 
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Diagonal  actuators 


N  actuators 
are  required 


2N  actuators 
are  required 


N+1  actuators 
are  required 


Figure  1;  Classical  types  of  variable  geometry  structures 

In  the  first  section  of  this  paper,  we  briefly  review  existing  motor  designs  that  we  have 
considered  for  implementation  into  a  1L-2L  actuator.  Since  none  of  these  designs  seemed  to 
correspond  exactly  to  what  we  wanted,  we  decided  to  develop  a  new  ultrasonic  motor  that  would 
be  better  suited  to  our  application.  The  design  of  this  motor  is  thoroughly  discussed  in  the  next 
section  of  this  paper. 

Finally,  we  present  finite  element  results  and  preliminary  experimental  results  obtained  for 
this  motor  and  discuss  its  weak  and  strong  points. 

DESIGN  ASPECTS  AND  OPERATING  PRINCIPLE 


Background 

A  1L-2L  actuator  can  be  operated  either  with  a  rotary  motor  or  a  linear  motor.  In  the  case  of  a 
rotary  motor,  the  rotation  must  be  transformed  into  linear  motion  by  means  of  a  gear  or  a  screw 
assembly,  which  is  the  current  solution  employed  in  variable  geometry  structures. 

To  simplify  the  actuation  mechanism,  and  to  take  full  advantage  of  the  large  force  output 
offered  by  the  piezoelectric  motor  technology,  we  preferred  to  investigate  direct-drive  linear 
motors. 

Several  designs  of  linear  motors  have  been  explored.  We  can  cite,  for  instance,  the 
multi-mode  ultrasonic  motors  (MMUM)  that  combine  longitudinal  and  flexure  vibrations,  such 
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as  the  L1B2  and  L1B4  [2,3,4].  These  motors  have  a  low  profile,  and  could  be  implemented  in  a 
1L-2L  actuator.  Variations  of  the  L1B4  design  could  offer  interesting  actuation  possibilities  [5]. 
Unfortunately,  because  they  use  a  low-coupled  bending  mode,  such  motors  usually  have  a  small 
force  output.  They  would  therefore  not  be  suitable  for  implementation  in  Active  truss  members. 

Other  linear  motors,  such  as  the  7i-shaped  ultrasonic  motor  [6]  or  Cedrat  Recherche’s 
ring-shaped  motor  [7],  offer  stronger  force  outputs  and  would  be  valid  candidates  for  application 
in  truss  members,  but  we  were  more  interested  in  another  class  of  motors:  the  hybrid-type 
ultrasonic  motors  (HTUM),  These  motors,  usually  rotary,  display  large  torques  [8,9,10].  The 
large  torque  is  obtained  by  mixing  a  longitudinal  vibration  with  a  torsional  vibration  of  a 
Langevin-type  transducer.  The  reason  for  using  these  two  vibrations  is  that  they  are  well  coupled 
with  the  piezoelectric  element.  Indeed,  the  kas  and  ki5  intrinsic  coupling  coefficients  of  a 
hard-type  PZT  ceramic  are  larger  than  the  ki3,  which  is  used  in  popular  traveling-wave  type 
motors  (TWUM). 

It  is  important  to  note  that,  in  general,  HTUMs  use  only  one  resonance  mode.  Indeed,  the  first 
torsion  mode  of  the  stator  is  mixed  with  an  off-resonance  longitudinal  vibration.  Therefore,  even 
though  these  motors  exhibit  interesting  characteristics,  it  is  certainly  possible  to  improve  them  if 
shear  (or  torsion)  and  longitudinal  vibrations  can  be  combined  at  the  resonance  of  both  modes. 

Modal  Frequencies 

The  ultrasonic  motor  we  propose  is  a  compact  multi-mode  ultrasonic  motor  (MMUM)  that  is 
operated  by  mixing  the  first  longitudinal  mode  of  a  clamped-ffee  bar  with  its  first  shear  mode. 

For  this  motor  to  be  successful,  it  is  necessary  that  these  two  modes  be  matched,  i.e.  that  their 
respective  resonance  frequencies  be  identical,  or  at  least  within  a  few  hundred  hertz. 

The  longitudinal  modes  of  a  clamped-fi'ee  bar  are  given  by  the  following  expression  [11]: 

h,  =  with  X,  =  =  1,2.3...  (1) 

where  L  is  the  length  of  the  bar,  E  the  Young’s  modulus  of  the  isotropic  material  that  makes 
the  bar  and  p  its  density. 

The  shear  modes  of  the  same  bar  in  the  same  conditions,  granted  that  the  bar  is  sufficiently 
short  for  pure  shear  to  be  assumed,  are  given  by: 

=  =  (2) 

where  G  is  the  shear  modulus  of  the  bar’s  material  and  K  a  factor  of  shape  of  the  bar’s 
cross-section. 

Using  these  simple  relations,  we  immediately  notice  that  the  shear  and  longitudinal  modes  of 
the  bar  both  depend  on  the  same  geometry  and  material  parameters  and  in  the  same  proportion. 
Also,  if  we  consider  a  bar  with  a  rectangular  cross-section,  then: 


„  10(1 +v) 

12+llv 

(3) 

and  taking: 

‘ 

r  ^ 

2(l  +  v) 

(4) 

we  obtain: 

(5) 
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This  shows  that  the  first  shear  mode  has  a  firequency  of  almost  half  that  of  the  first  longitudinal 
mode.  In  other  words,  it  is  not  possible  to  match  the  shear  and  longitudinal  modes  in  the  bar, 
unless  material  properties  or  boundary  conditions  are  modified. 

To  match  the  two  modes,  we  can  consider  the  following  options: 

•  use  an  anisotropic  material,  with  a  shear  modulus  approximately  two  times  larger  than  its 
longitudinal  elastic  modulus;  fiber-reinforced  polymers  could  be  used  to  achieve  such 
properties 

•  modify  the  boundary  conditions  of  the  system  to  decouple  the  two  modes;  in  this  case,  the 
above  equations  no  longer  apply,  and  the  two  modes  can  be  tuned  more  easily 

We  decided  to  select  the  second  method,  and  decoupled  of  the  two  modes  by  adding  arms  on 
the  side  of  the  structure,  as  it  is  shown  in  Fig.  2.  These  arms  significantly  increase  the  stiffness 
of  the  stator  in  the  shear  direction  without  appreciably  modifying  the  stiffness  of  the  stator  in  the 
longitudinal  direction.  By  selecting  the  size  and  position  of  &ese  arms,  it  becomes  possible  to 
match  the  longitudinal  and  shear  modes  of  the  stator. 


Contact  Surface  Steel 


Figure  2:  Stator  of  the  proposed  ultrasonic  motor  with  the  boundary  conditions  and  the 
electrical  connections 


Figure  3:  (left)  Mode  shape  for  the  longitudinal  mode;  (right)  Mode  shape  for  the  shear  mode 
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The  matching  of  the  two  resonance  modes  is  obtained  by  performing  finite  element 
computations  on  the  stator.  The  results  are  shown  in  Fig.  3,  where  we  show  the  mode  shape 
obtained  for  each  mode.  These  computations  were  performed  with  the  Atila  finite  element 
program  [12],  which  takes  into  account  the  piezoelectric  coupling  of  the  ceramic  elements.  The 
fi-equencies  and  effective  coupling  factors  obtained  are  given  in  Table  1. 


Resonance 

Frequency 

(kHz) 

Antiresonance 

Frequency 

(kHz) 

Effective 

Coupling 

Coefficient 

(%) 

Longitudinal  Mode 

54.43 

56.28 

25.4 

Shear  Mode 

54.46 

55.57 

19.9 

Table  1:  Finite  element  results  for  the  modal  response  of  the  structure 


Active  Elements 


Another  important  aspect  of  the  design  concerns  the  dimensioning  of  the  piezoelectric 
elements.  The  expansion  of  a  rod  in  its  longitudinal  mode  can  be  approximated  as: 

a^Qd^^E^L  (5) 

where  Q  represents  the  amplification  obtained  at  resonance.  According  to  this  expression,  and 
using  material  values  found  in  commercial  hard-type  piezoelectric  ceramics  {dss «  300  pC/N),  we 
find  that  a  length  L  =  5  mm  and  ^  =  100  are  sufficient  to  obtain  at  least  2  pm  of  expansion, 
which  is  the  minimum  level  required  to  operate  the  motor. 

The  same  approach  can  be  used  to  determine  the  transverse  displacement  obtained  with  the 
shear  mode.  Using  finite  element  modeling  to  confirm  these  estimates,  we  find  that  using  a 
length  L  =  5  mm  is  satisfactory,  as  shown  in  Tables  2  and  3.  Table  2  gives  the  longitudinal  and 
transverse  displacements  computed  when  each  mode  is  excited  independently  at  its  own 
resonance  fi'equency.  This  table  clearly  indicates  that  the  longitudinal  and  transverse 
displacements  are  completely  decoupled.  Table  3  gives  the  displacements  when  the  two  modes 
are  excited  at  the  same  time,  with  a  phase  shift  of  90“  between  the  two  input  signals.  The 
frequency  selected  for  this  computation  was  54.44  kHz. 


Longitudinal  Mode 
nmA^ 

Shear  Mode 

nmA^ 

127 

0 

0 

176 

Table  2:  Finite  element  results  for  the  displacements  when  each  mode  is  excited  independently 


Displacement 

nmA^ 

Longitudinal  direction 

111 

Transverse  direction 

115 

Table  3:  Finite  element  results  for  the  displacement  when  the  two  modes  are  excited  at  54.44 
kHz  with  a  90"  phase  shift 
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Boundary  Conditions 


In  the  proposed  design,  the  stator  is  clamped  at  the  bottom  and  at  the  two  side  arms.  The  role 
of  the  side  arms  is  to  decouple  the  shear  mode  from  the  longitudinal  mode  in  the  bar.  The 
decoupling  effect  is  clearly  visible  in  the  results  of  the  finite  element  analysis  shown  in  Fig.  3. 

These  clamping  boundary  conditions  clearly  constitute  weakness  of  the  design,  because  they 
may  become  difficult  to  achieve  in  the  final  device.  Special  attention  is  therefore  needed  when 
installing  the  stator  onto  its  support. 

Operating  Principle 


The  operating  principle  of  the  motor  is  shown  in  Fig.  4.  It  follows  classical  MMUM 
operating  rules:  two  electric  signals  with  a  90“  phase  shift  excite  two  piezoelectric  elements.  The 
longitudinally  poled  piezoelectric  element  produces  the  longitudinal  vibration  of  the  stator,  and 
the  transversely  poled  piezoelectric  element  produces  the  shear  vibration  of  the  stator.  As  a 
result  of  the  mixing  of  these  two  vibrations,  an  elliptical  motion  is  obtained  at  the  top  of  the 
stator.  Motion  is  then  transferred  to  a  linear  slider  via  friction  forces  that  develop  at  the  interface 
between  the  two  bodies. 


Figure  4:  Operating  principle  of  the  Longitudinal-Shear  motor 
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Preliminary  Experimental  Results 


The  experimental  setup  is  shown  in  Fig.  5.  This  setup  will  be  used  to  test  the  motor  force 
output  under  various  conditions  of  mechanical  prestress.  This  setup  will  also  allow  us  to  test 
various  friction  materials. 


Figure  5:  Linear  ultrasonic  motor  test  setup 

Prelimary  results  were  obtained  with  this  setup  in  unloaded  conditions,  which  are  achieved  by 
removing  the  slider.  Results  using  a  laser  interferometer  indicated  that  an  elliptical  vibration 
could  be  formed  at  the  top  of  the  stator,  as  shown  in  Fig.  6.  Due  to  problems  during  the 
fabrication  of  the  stator,  it  appeared  that  the  modes  were  not  sufficiently  matched.  This 
prevented  obtaining  further  results  with  the  current  prototype. 


Figure  6:  Measured  ellipse  at  the  top  of  the  stator  under  low-field  excitation 
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CONCLUSIONS 


We  have  presented  an  original  design  concept  for  a  linear  ultrasonic  motor.  Characteristics  of 
this  motor  are;  compact  and  direct-drive  design,  reversible  motion  by  control  of  the  phase 
between  the  two  electric  input  ports,  and  nonmagnetic  operation. 

One  of  the  major  difficulties  of  the  proposed  design  concerns  the  boundary  conditions,  which 
may  be  difficult  to  implement  in  the  real  device.  The  quality  of  the  tuning  of  the  longitudinal 
and  shear  resonances  depends  in  large  part  on  achieving  these  boundary  conditions. 

On  the  other  hand,  the  proposed  design  is  extremely  simple  and  relatively  easy  to 
manufacture.  It  is  expected  that  this  design  will  also  be  easy  to  scale  up  and  down  to  address 
various  implementation  issues. 
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ABSTRACT 

Sensorineural  hearing  loss  results  from  the  inability  of  the  inner  ear  cochlear  organ  of  Corti  to 
transduce  mechanical  energy  incident  in  the  cochlea  to  electrical  signals  in  auditory  nerve  fibers. 
Cochlear  implant  devices  are  used  to  alleviate  this  condition.  Piezoelectric  materials  offer  the  unique 
scope  of  fimctioning  as  cochlear  implants,  possibly  enabling  simplification  of  the  process  of  elec¬ 
trical  stimulation  and  enhancing  knowledge  of  the  workings  of  both  the  healthy  and  artificially 
stimulated  iimer  ear.  The  requirements  imposed  on  such  a  device  are  discussed.  It  is  believed  that 
flexible  piezoelectric  PVDF  and  ceramic-polymer  composites  are  best  suited  for  this  application.  The 
design  of  a  device  which  utilizes  the  bending  piezoelectric  mode,  and  results  of  testing  the  same  in  air  are 
presented.  Present  work  is  aimed  at  understanding  the  fundamental  dynamic  piezoelectric  properties  in  this 
mode  and  is  expected  to  result  in  a  device  suitable  for  in  vitro  and  in  vivo  testing. 

INTRODUCTION 

Sensorineural  hearing  loss  (profound  deafness)  is  a  result  of  the  inability  of  the  transductory 
structures  in  the  cochlea  (organ  of  Corti)  to  convert  the  mechanical  displacement  of  the  basilar 
membrane  to  neural  signals.  In  particular,  sensorineural  hearing  loss  results  when  the  hair  cells  in 
the  organ  of  Corti  are  either  absent  or  destroyed  [1].  Patients  possessing  a  reasonable  number  of 
surviving  nerve  fibers  can  be  treated  for  this  disorder  by  a  class  of  devices  known  as  cochlear  implants  [2]. 
Such  devices  essentially  consist  of  a  microphone  and  signal  conditioning  circuits  housed  in  a  unit  worn  by 
the  patient  externally.  The  electrical  signal  is  transported  from  this  unit  into  the  inner  ear  by  means  of  mutual 
induction  coils.  Inside  the  cochlea,  the  voltage/charge  is  applied  between  metal  electrodes  immersed  in  the 
cochlear  perilymph  fluid.  The  resulting  current/field  discharges  nerve  fibers,  causing  a  sensation  ofheaiing. 
Cochlear  implant  development  has  raised  several  fundamental  questions  regarding  the  functioning  ofboth 
the  healthy  and  the  artificially  stimulated  inner  ear  [3] .  For  instance,  the  nature  of  the  hearing  restored  to 
implanted  patients  is  significantly  different  from  normal  hearing  and  there  is  great  variability  of  response 
between  patients  (only  the  most  successful  are  able  to  understand  verbal  language).  Also,  single-electrode 
cochlear  implants  are  sometimes  as  effective  as  sophisticated  multi-channel  multi-electrode  devices.  The 
reasons  behind  these  observations  are  not  well  known  and  abetter  understanding  of  cochlear  implants  and 
the  phenomena  active  in  the  stimulated  ear  will  enable  the  engineering  of  more  effective  devices. 

Piezoelectric  materials  display  the  unique  property  of  being  able  to  produce  electric  charge  when  a 
mechanical  force  is  applied.  As  such  these  materials  would  be  ideal  for  use  as  replacement  ‘organs’  forthe 
non-existent  transduction  mechanism  in  the  sensorineurally  deaf.  A  piezoelectric  device,  placed  in  the  path 
of  the  pressure  wave(s)  in  the  scala  tympani  of  the  cochlea,  will  generate  charge  across  its  electrodes  by 
virtue  of  the  direct  piezoelectric  effect.  This  charge  will  result  in  the  generation  of  an  electric  field/ionic 
current  between  the  electrodes  of  the  piezoelectric,  in  the  perilymph  fluid.  If  this  generated  chaige/cuirent 
is  of  the  same  magnitude  as  the  charge/current  used  by  the  existing  cochlear  implants,  it  will  ‘fire’  the  nerve 
fibers  in  the  organ  of  Corti,  in  much  the  same  manner  as  the  existing  cochlear  implants.  Further  consider¬ 
ation  for  use  of  piezoelectric  devices  stems  from  the  facts  that:  a)  Piezoelectrics  are  used  routinely  in 
applications  that  involve  detection  of  human  voice,  demonstrating  the  ability  to  transduce  complex  acoustic 
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stimuli ;  b)  Piezoelectrics  function  without  the  need  for  an  external  power  supply,  presenting  the  possibility 
of  obtaining  an  entirely  ‘stand-alone’  unit;  c)  The  device  would  provide  a  bipolar  electrode  arrangement 
[4];  and,  d)  The  device  would  be  non-invasive  to  the  cochlea  once  implanted.  The  successful  working  of 
the  device  would  necessitate  proper  mechanical  functioning  of  the  outer,  middle  and  inner  ears.  Thus,  such 
adevice  offers  the  possibility  of  greatly  simplifying  the  process  of  artificial  electrical  stimulation  of  auditory 
nerve  fibers  within  the  cochlea.  Moreover,  such  an  implant  could  be  used  purely  as  a  research  device,  to 
provide  a  better  understanding,  by  means  of  experiments  both  in  vivo  and  in  vitro,  of  both  cochlear 
phenomena  and  cochlear  implant  functioning. 

Initial  efforts  in  the  development  of  an  implant,  aimed  at  proving  feasibility,  concentrated  on  in  vivo 
animal  (guinea  pig)  testing  and  in  vitro  tests  in  a  mechanical  model  of  the  cochlea.  Materials  used  were 
barium  titanate  and  lead  zirconate  titanate  ceramic  piezoelectrics.  Results  fix)m  in  vivo  implantation  studies 
were  positive;  the  hearing  ability  of  the  artificially  deafened  guinea  pigs  increased  substantially  after  implan¬ 
tation  of  ceramic  devices.  The  results  however,  were  not  very  reproducible,  indicating  that  there  are  sev¬ 
eral  device  questions  which  need  to  be  addressed  before  further  progress  can  be  made  in  the  understand¬ 
ing  and  improvement  of  in  vivo  behavior.  In  vitro  tests  were  conducted  with  the  aims  of  understanding 
both  the  nature  of  the  sound  pressures  to  which  a  piezoelectric  device  is  subjected  and  the  specific  require¬ 
ments  in  which  the  device  is  intended  to  function  within  this  environment.  Significant  results  from  in  vitro 
tests  are  summarized  below  [5]. 

1 .  The  pressure  level  in  the  scala  tympani  decreases  exponentially  witii  distance  from  the  round  window. 

2.  Due  to  the  high  specific  acoustic  impedance  mismatch  between  perilymph  fluid  and  ceramic,  the  pres¬ 
sure  ‘felt’  (and  thus  the  charge  generated)  by  a  ceramic  device  is  much  less  than  the  actual  pressure 
level  in  the  fluid.  This  high  mismatch  can  be  partially  offset  by  a  polymer  coating  on  the  piezoelectric. 
Increasing  the  coating  thickness  results  in  a  monotonic  increase  in  the  sensitivity  of  the  piezoelectric, 
but  for  audio  fioquencies  substantial  increases  are  obtained  only  at  high  coating  thicknesses. 

3 .  Piezoelectric  charge  (generated  by  incident  sound  pressure)  can  create  an  electric  field,  causing  elec¬ 
trolytic  reactions  at  the  electrode  saline  interface  and  driving  ionic  currents  in  saline  solution. 

DEVICE  REQUIREMENTS 

In  many  ways,  the  environment,  conditions  of  use,  and  the  properties  required  of  a  piezoelectric 
cochlear  implant  are  unique  to  this  application.  Additionally,  the  micromechanics/acoustics  active 
in  the  cochlea  are  not  well  established.  Based  on  the  initial  results  and  taking  into  consideration  the 
cochlear  environment  and  information  available  in  literature,  the  requirements  for  such  a  device  are 
entunerated  below  [6]. 

Small  Dimensions  and  Flexibility 


The  cochlea  is  a  spiral  structure  with  the  scala  tympani  having  a  length  of  ~1 .5  cm  from  base  to  apex. 
The  duct  diameter  is  ~  2-3  mm  [7] .  Such  narrow  confines  place  stringent  requirements  on  the  device.  Not 
only  are  small  devices  difficult  to  febricate,  lower  surfece  areas  limit  the  total  charge  produced  and  demand 
a  commensurate  increase  in  sensitivity.  If  placed  across  the  transverse  cross-section  of  the  duct,  the  device 
cannot  be  larger  than  ~  2  x  2  mm,  but  the  device  must  not  block  the  passage  and  prevent  vibrational  flow. 
Additionally,  structures  inside  the  cochlea  are  extremely  delicate  and  a  stiff  device  presents  the  danger  of 
rupturing  the  basilar  membrane  or  the  bony  labyrinth.  Ceramics  have  very  high  stiffiiess  and  pose  a  poten¬ 
tial  problem  if  used  in  this  type  scheme.  If  on  the  other  hand  the  device  is  designed  to  be  placed  along  the 
length  of  the  scala  tympani,  it  can  be  several  millimeters  long.  It  has  to,  however,  be  flexible  to  fit  in  the 
curving  duct  Also,  since  the  piezoelectric  effect  is  quite  sensitive  to  changes  in  sound  pressures,  the  device 
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needs  to  be  anchored  in  some  manner  to  prevent  movement  and  ensure  repeatability. 

Specific  Acoustic  Impedance  Matching 


Specific  acoustic  impedance  (Z)  matching  is  intimately  related  to  effective  piezoelectric  device 
sensitivity.  The  mismatch  between  water/saline  medium  and  ceramic  is  considerable.  As  a  result, 
the  pressure  transmitted  into  the  ceramic  is  a  small  percentage  of  the  actual  pressure  level  present, 
lowering  its  effective  sensitivity.  Theoretically,  impedance  matching  layers  can  minimize  the  mis¬ 
match,  but  for  low  frequencies  the  thicknesses  of  such  layers  are  prohibitive  for  this  application,  as 
has  been  proven  by  the  in  vitro  tests. 

High  Sensitivity  and  Even  Frequency  Response 

Sensitivity  is  the  most  important  device  requirement.  The  device  needs  to  operate  under  hydro¬ 
static  conditions,  under  which  the  effective  piezoelectric  constants  (d^  and  g,^  in  the  compressive  mode  are 
greatly  reduced,  particularly  for  BaTi03  and  PZT  [8].  With  a  large  degree  of  impedance  mismatch,  the 
effective  sensitivity  is  further  lowered.  Current  cochlear  implants  use  a  current  source  power  supply  and 
apply  a  total  charge  of  ~  10-100  nC  per  cycle  of  stimulation  (threshold  is  ~  10  nC)  [9].  The  sound 
pressure  level  inside  the  cochlear  fluid  reaches  a  maximum  of  about  1 20  dB  SPL  (ref.  20  pPa)  [1 0].  A 
simple  calculation  reveals  that  none  of  the  engineering  piezoelectrics  available  today  offer  such  high  sensi¬ 
tivities  (device  size:  ~  1  mm  x  1  mm  x  0. 1  mm).  However,  a  sinusoidal  sound  pressure  results  in  a  sinusoi¬ 
dally  varying  charge  on  the  electrodes  of  a  piezoelectric.  This  charge  can  manifest  its  influence  on  the  ions 
of  the  perilymph  in  two  ways.  At  lower  values  of  charge,  the  phenomenon  primarily  active  is  capacitive 
double-layer  charging,  the  high  electrode-solution  interface  impedance  preventing  electron  transfer  be¬ 
tween  the  media.  At  sufficiently  high  charge  levels,  electrolytic  reactions  become  active  and  a  current  can 
flow  between  the  electrodes  through  the  solution.  In  either  case,  it  is  evident  that  at  least  some  charge  will 
exist  on  the  electrodes  during  the  duration  of the  entire  cycle.  The  mechanism  of  neural  stimulation  by  scala 
tympani  electrodes  is  not  very  well  understood  and  the  right  combination  of  time  period  and  magnitude  of 
stimulation  for  threshold  excitation  with  a  piezoelectric  device  remains  to  be  determined.  With  the  present 
state  of  knowledge  it  is  difficult  to  determine  the  exact  sensitivity  requirements  ofthe  device.  It  is,  however, 
certain  that  a  considerably  high  figure  of  merit  (g^d^)  is  essential. 

The  human  ear  is  sensitive  to  sounds  in  the  frequency  range  of-  20  Hz  -  20  kHz.  Although  the 
threshold  response  ofthe  healthy  ear  is  not  equal  over  this  range,  the  piezoelectric  device  must  have  a  rnore 
or  less  flat  response  over  this  range  of  fiequencies.  It  is  also  well  known  that  the  dynamic  range  of  sensitiv¬ 
ity  ofthe  ear  to  electrical  signals  from  scala  tympani  electrodes  is  far  less  than  the  dynamic  range  of 
sensitivity  ofthe  healthy  ear  to  jownc/pressures.  Hence,  a  signal  conditioning  operation  cdled  ‘compres¬ 
sion’  is  performed  on  the  signals  used  in  the  present  cochlear  implants  [4].  A  piezoelectric  device  would 
not  have  this  capability,  and  any  resulting  limitation  on  device  performance  will  have  to  be  determined. 


PROPOSED  DEVICE 

Considering  the  requirements,  it  is  believed  that  a  device  made  of  flexible  piezoelectric  materials  like 
polyvinylidene  fluoride  (PVDF)  or  particulate  ceramic-polymer  matrix  composite,  r^ed  in  the  flexuraT 
bending  mode,  will  be  best  suited  to  circumvent  these  potential  problems.  The  suitability  of  PVDF  for  this 
application  is  evident  from  the  facts  that  the  acoustic  impedance  of  PVDF  is  comparable  to  that  of  saline, 
PVDF  lends  itself  to  easy  processing  as  thin  films  and  small  structures,  is  adequately  flexible,  and  the 
voltage  sensitivity  of  PVDF  exceeds  that  of  ceramic  transducers  [1 1].  Apiezoelectric  implant  would  need 
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areasonably  high  charge  sensitivity  and  the  effect  if  any  of  a  lack  of the  same  will  have  to  be  investigated. 
Alternately,  particulate  ceramic  piezoelectric -polymer  matrix  composites,  which  have  high  charge  sensi¬ 
tivity,  need  also  to  be  investigated  for  this  application. 

A  device  which  utilizes  the  bending  piezoelectric  effect  has  been  designed.  The  schematic  of  Figure  1 
shows  this  proposed  device  placed  in  the  scala  tympani .  The  device  essentially  consists  of  several  elements 
of  piezoelectric  film,  embedded  in  a  substrate  in  the  form  of  vertical  cantilevers.  The  substrate  is  of  a 

flexible  insulating  material  that  can  be  shaped  to  fit  into  the  scala  tympani,  a  proper  fit  preventing  any 
movement  of  the  device  due  to  the  patient’s  movements.  The  piezoelectric  elements,  electroded  on  then- 
faces,  face  the  incoming  pressure  waves  fi-om  the  round  window.  The  pressure  waves  cause  bending, 
eliciting  charges  on  the  electrodes  that  are  fed  to  electrical  connections  evaporated  on  to  the  substrate.  The 
electrodes  of  all  the  elements  are  connected  in  a  series  electrical  circuit  (voltages  add),  which  terminates  in 
two  (ormore  ifmulti-channel  is  required)  noble  metal  electrodes.  Thus  this  device  allows  enhancement  of 
device  sensitivity  by  increasing  the  number  of  elements.  The  phase  differences  in  the  voltages  between  the 
elements  is  expected  to  be  minimal  as  the  separation  between  elements  is  several  orders  of  magnitude 
smaller  than  the  wavelength  of  the  sound  waves.  The  total  voltage  produced  is  applied  to  the  perilymph 
fluid  through  the  noble  metal  electrodes.  The  electrical  connections  on  the  substrate  and  the  electrodes  on 
the  piezoelectric  elements  are  insulated  fiom  the  solution  by  a  dielectric  polymer  barrier.  This  device  is  in  a 
sense  a  biomimetic  design,  mimicking  the  scheme  and  function  of  the  hW-like  stereocilia  which  reside  on 
the  cuticular  plate  of  the  organ  of  Corti  and  perform  the  task  of  stimulating  the  auditory  nerve  fibers  [12]. 

The  bending  piezoelectric  effect  has  been  widely  used  in  ceramic  piezoelectrics,  but  useful  charges/ 
voltages  can  be  obtained  only  by  the  coupling  of  oppositely  poled  elements  (assuming  the  existence  of 
homogeneous  strain  throughout  the  sample).  In  PVDF  and  other  piezopolymers,  useful  charges  on  the 
electrodes  can  be  obtained  by  the  bending  of  a  single  element  [1 3].  This  difference  is  attributed  to  the 
fundamentally  differentmechanisms  operating  in  polymer  piezoelectrics.  Piezoelectricity  in  semi-crystalline 
polymer  films  can  be  caused  not  only  by  permanent  dipoles  similar  to  those  in  ionic  materials,  but  also  by 
homocharges  caused  by  charge  injection  into  the  polymer  during  poling  under  high  electric  fields  and/or 
impurity  charges.  The  distribution  ofhomocharges  is  usually  not  homogenous  throu^out  the  volume  of  the 
sample  and  under  such  circumstances,  bending  of  the  sample  results  in  charge/voltage  production  on  the 
electrodes.  The  occurrence  of  the  piezoelectric  effect  during  the  bending  of  a  single  polymer  element  can 
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also  be  attributed  to  the  presence  of  inhomogeneous  strain  in  the  j51m  during  bending.  Bending  piezoelec¬ 
tricity  results  in  extremely  high  voltage  sensitivities  [14].  Feasibility  calculations  performed  with  values  of 
the  bending  piezoelectric  coefficient  (pjgj)  for  PVDF  reported  in  literature  and  assuming  the  transducer  to 
have  a  linear  response,  indicate  a  voltage  response  of  greater  than  1  mV  for  average  intracochlear  pres¬ 
sures  from  each  piezoelectric  element  shown  in  Figure  1 .  Thus  a  whole  device  is  capable  of  producing 
several  millivolts  of  voltage  under  average  conditions  in  the  cochlea.  It  should  be  noted  that  such 
calculations  are  highly  approximate,  as  they  do  not  take  into  account  important  factors  such  as  impedance 
matching  and  frequency  sensitivity.  However  they  do  provide  a  flavor  of  the  extremely  high  voltage  sensi¬ 
tivities  that  can  be  realized  by  exciting  bending  piezoelectricity  in  PVDF. 

Whereas  the  static  piezoelectric  properties  of  both  PVDF  film  in  the  bending  mode  and  ceramic- 
polymer  composite  in  compression/tension  are  well  known,  the  dynamic  piezoelectric  response  in  bending 
for  these  materials  is  not.  It  is  expected  that,  owing  to  its  greater  compliance,  PVDF  film  has  the  potential 
to  show  good  audio  frequency  sensitivity  in  bending  (the  transverse  mode  is  widely  used  for  audio  detec¬ 
tion  and  generation).  In  addition  to  piezoelectric  dispersion  in  PVDF,  the  dimensions  of  the  element  itself 
are  expected  to  influence  its  frequency  sensitivity  behavior.  The  ultimate  device  is  expected  to  consist  of 
elements  of  different  dimensions  (to  produce  a  flat  fiequency  response)  and  different  materials  (to  optimize 


the  voltage  and  charge  sensitivities).  Present  work  is  concentrated  on  understanding  these  dynamic  effects 
and  will  be  followed  by  device  fabrication  and  in  vitro  and  in  vivo  testing.  Results  from  acoustic  tests  in 
air  for  a  single  element  device  are  shown  in  Figure  2.  As  is  evident,  not  only  did  this  prototype  generate 
much  higher  voltages  (polarity  reversed)  compared  to  the  standard  hydrophone,  the  frequency  response 
of  this  device  is  also  comparable  to  that  of  the  high  quality  standard  hydrophone  (EDO  Corp.).  The 
dimensions  of  this  prototype  are,  of  course,  much  larger  than  can  be  accommodated  in  the  human  cochlea. 


CONCLUSION 

Appropriately  fabricated  piezoelectric  devices  offer  the  possibility  of  greatly  simplifying  the 
process  of  electrical  stimulation  of  the  cochlea  in  the  sensorineurally  deaf  and  of  obtaining  a  better 
understanding  of  cochlear  phenomena  in  the  artificially  stimulated  ear.  The  environment  of  use 
places  special  and  unique  requirements  on  the  device.  It  is  believed  that  flexible  piezoelectric  ma¬ 
terials  used  in  the  bending  mode  can  be  used  to  fabricate  a  successful  device.  Ongoing  research  is 
concentrated  on  understanding  the  dynamic  piezoelectric  properties  of  this  mode  and  of  such  de¬ 
vices  underwater.  Understanding  of  &e  fundamental  phenomena  is  expected  to  facilitate  the  fabri¬ 
cation  of  a  device  which  will  be  tested  in  vitro  and  in  vivo. 
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ABSTRACT 

Shape  memory  alloys  (SMA)  have  generated  a  lot  of  new  ideas  in  engineering.  Application  is 
however  so  far  limited  to  clamps  and  springs.  With  respect  to  smart  structures  sensing  ^  well  as 
control  has  to  be  included.  While  sensing  looks  to  be  relatively  feasible  control  is  the  big  chd- 
lenge.  This  paper  describes  some  aerospace  related  smart  structures  ideas  using  SMAs  and  dis¬ 
cusses  the  challenges  which  need  to  be  solved  before  these  ideas  have  can  be  realised. 


INTRODUCTION 

The  transformation  process  between  martensite  and  austenite  is  known  for  decades.  Practical  use 
of  the  resulting  shape  memory  alloys  (SMA)  has  been  limited  to  switching  between  these  two 
phases  only  and  have  resulted  in  clamps,  switches  or  springs. 

Smart  structures  proposed  since  the  late  eighties  consider  more  than  just  this  'on-off  stage. 
Briefly  spoken  they  include  sensing,  actuation,  and  control  which  allows  the  structure  to 
smoothly  adapt  to  various  conditions.  The  large  deflections  and  forces  which  SMAs  can  gener¬ 
ated  have  made  them  highly  interesting  as  actuation  devices.  Furthermore  they  have  damping 
properties  which  are  much  above  those  known  for  conventional  metallic  materials.  Their  ability 
to  remember  shape  has  given  them  the  final  kick  of  magic  in  engineering  minds.  All  this  has  a 
been  a  promoter  for  the  wonderful  ideas  of  adaptive  wings,  hinge  free  solar  panels,  robot  arms 
or  generally  SMA  reinforced  composites  which  by  itself  again  opens  a  lot  of  perspectives  of 
active/adaptive  deformation,  change  in  damping  and  stiffness  properties  or  even  easily  removing 
unliked  dents.  However  trying  to  realise  that  kind  of  ideas  requires  a  good  description  of  the 
constitutive  behaviour  as  a  control  input.  Furthermore  manufacturing  issues  regarding  adapta¬ 
tion  or  integration  of  the  SMA  into  composite  materials  has  to  be  solved. 

This  paper  starts  with  summarising  practical  SMA  applications  as  they  are  used  today.  A  de¬ 
scription  of  aerospace  related  smart  structures  ideas  using  SMAs  follows  from  which  the  rele¬ 
vant  SMA  aspects  to  be  clarified  and  their  way  to  achievement  are  discussed.  Conclusions  are 
drawn  with  regard  to  the  consequences  in  realising  the  smart  structures  considered. 


RECENT  SMA  APPLICATIONS  FOR  TRANSPORTATION 

Overviews  of  the  various  SMA  applications  in  engineering  have  been  given  in  different  papers 
and  books  [1-4].  These  applications  mainly  consist  of  clamps  such  as  for  fixing  tubes  or  electric 
connectors.  More  advantage  of  SMAs'  capabilities  has  been  taken  when  using  SMA  rings  as 
clamps  for  drills  [5]  (Fig.  1). 
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Fig.  I  SMA  rings  to  clamp  drills  [5]  Fig.  2  SMA  spring  to  control  valve  [6] 

Tins  did  not  only  save  cost  due  to  simpler  drills  (reduced  shaft)  but  also  led  to  an  increase  in 
drilling  precision  due  to  increased  damping  of  the  drill's  vibrations  resulting  from  better  SMA 
damping  properties. 

Sophistication  is  also  achieved  when  using  SMA  springs  as  a  means  to  thermally  control  fluid 
flow.  Examples  are  either  known  for  controlling  hot  water  flow  of  bathtubs  or  for  valves  in 
automotive  automatic  gears  where  an  example  is  shown  for  the  latter  case  in  figure  2  [6]. 

The  system  works  such  that  the  SMA  spring  counteracts  at  low  temperatures  when  the  hydraulic 
oil  has  a  high  viscosity  and  the  slide  does  not  move  smoothly  enough  while  at  normal  operating 
temperature  the  SMA  spring  blocks  and  the  valve  is  working  with  the  steel  spring  only.  Since 
this  lowest  cost  solution  could  only  be  introduced  at  the  very  late  stage  of  gear  development^,  it 
has  now  been  replaced  by  electronics  in  the  next  generation  of  gears.  This  shows  that  smart ' 
structures  as  a  'repair'  solution  within  conventional  structures  do  not  necessarily  have  the  poten¬ 
tial  to  survive. 


nng 

SMART  STRUCTURE  IDEAS  USING  SMA 
What  is  smart? 


The  intention  of  this  paragraph  is  only  to  position  SMAs  in  the  world  of  smart  materials  and 
structures.  A  widely  accepted  understanding  of  'smart'  is  that  the  material  possesses  sensing, 
actuation  and  control  capabilities.  SMAs  can  sense  temperatures  as  a  function  of  change  in 
damping,  stif&iess,  electrical  resistivity  and  deflection.  It  is  specifically  the  latter  aspect  which 
has  made  SMy^  highly  interesting  since  it  is  the  actuation  function  built  into  this  material. 
However  the  link  between  the  forementioned  sensing  function  or  any  other  sensor  signal  such  as 
a  strain  gauge  and  the  actuation  function  is  not  very  clear.  These  inherent  sensing  and  actuation 
functions  are  therefore  not  able  to  fully  interact  in  a  control  loop  without  any  help  from  outside. 
SMAs  themselves  may  therefore  not  be  considered  as  a  smart  material  in  the  strict  sense. 
However  they  are  specifically  good  elements  as  actuators  and  partially  even  sensors  for  smart 
structures.  This  is  where  most  of  the  ideas  have  been  generated  during  the  early  nineties.  Some 
of  these  ideas  are  described  in  the  following. 
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Aerodynamic  profiles 


A  minimmn  in  any  lift-drag  relationship  of  an  airfoil  can  be  achieved  when  the  camber  can  be 
varied  according  to  the  different  operating  conditions.  Large  camber,  large  leading-edge  radius 
and  large  thickness  all  leads  to  higher  maximum  lift  coefficients  and  is  thus  preferred  for  low 
speed  flight.  The  opposite  is  however  the  optimum  solution  for  high  speed  flight.  To  adapt  aero¬ 
dynamic  profiles  accordingly  may  suitably  be  done  with  a  smart  structure.  One  of  the  early  so¬ 
lutions  to  this  problem  is  a  system  of  rotary  actuators  and  linkages  to  hinge  a  flexible  wing  [7], 
which  has  been  finally  called  the  mission  adaptable  wing.  Austin  et  al.  [8]  predicted  a  6%  drag 
reduction  when  building  a  profile  from  state-of-the-art  smart  materials.  For  transsonic  fighter 
wings  even  a  85%  drag  reduction  was  reported.  Adaptive  rib  arrangements  were  specifically 
designed  for  that  purpose.  DARPA  in  the  USA  sponsored  the  ‘Smart  Wing  Program’  performed 
by  Northrop-Grumman  which  developed  techniques  for  wing  twist  and  camber  control  using 
smart  structures  approaches.  SMA  torque  tube  actuators,  SMA  wire  tendons  and  piezoelectric 
patches  have  been  used  for  twisting  and  changing  the  camber  of  a  1/6  downscaled  F/A-18  wing 
[9]  as  shown  in  figure  3.  8%  increase  in  allowable  take-off  gross  weight,  30%  increase  in  weap¬ 
ons  payload  and  20  to  40%  reduced  drag  have  been  estimated. 

Twist  of  a  wing  induced  by  a  smart  structures  solution  might  be  desirable  at  high  angles  of  at¬ 
tack.  This  will  allow  to  stall  the  wing  inboard  first  and  still  allow  the  outboard  ailerons  to  be 
operated  [10]. 
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Fig.  3  Northrop-Grumman/D ARPA  smart  wing  concept  using  SMA  [9] 


Missiles  are  a  good  testbed  for  smart  structures.  Their  aerodynamic  profiles  are  usually  much 
smaller,  they  only  undergo  one  mission  and  technology  is  comparatively  less  cost  affected. 
Misra  et  al.  [1 1]  fabricated  a  winglet  where  preconditioned  SMAs  were  incorporated  in  the  face- 
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sheet.  Three  electrical  circuits  were  created  which  permitted  control  of  four  SMA  wire  lengths 
independently.  This  allowed  an  ‘antagonistic’  control  approach  generating  a  ‘balanced’  or  sym¬ 
metric  force  response  for  an  externally  applied  load,  which  was  important  with  regard  to  a  sub¬ 
marine  missile  changing  from  air  into  water  or  vice  versa. 

Another  concept  related  to  transport  aircraft  wing  configurations  has  been  studied  in  a  collabo¬ 
ration  between  DaimlerChrysler  Aerospace  Airbus,  DaimlerChrysler  Research  and  the  German 
Aerospace  Establishment  DLR  [12-14].  It  is  based  on  the  airflow  distribution  along  the  wing 
profile  of  a  subsonic  aircraft  as  shown  on  the  left  hand  side  of  figure  4a 


Fig.  4aAdaptive  transport  wing  concept  [12-14] 

Conventionally  the  airflow  arrives  at  subsonic  speed,  is  then  first  accelerated  to  supersonic 
speed  along  the  upper  part  of  the  profile  and  decelerates  again,  going  through  a  shock  wave  at 
the  transsonic  intersection  where  the  following  airflow  then  continues  to  be  turbulent.  This  tur¬ 
bulent  area  which  does  not  contribute  to  lift  can  be  reduced  through  a  bump  just  behind  the  point 
of  the  shock,  allowing  to  increase  the  area  of  laminar  flow  and  thus  lift.  Different  concepts  of 
initiating  this  bump  have  been  discussed  where  SMAs  combined  with  a  highly  elastic  skin  foil 
have  been  considered. 

Rotorcraft 


For  rotorcraft  active  control  of  rotorblades  is  a  major  issue  of  research  and  development,  which 
mainly  includes  blade  impedance  control  or  individual  blade  control.  Smart  materials  and 
structures  can  have  a  significant  impact  on  these  developments  and  are  thus  widely  considered. 
With  respect  to  SMAs  Straub  [15,16]  proposed  a  hinged  flap  solution  for  the  McDonnell  Doug¬ 
las  AH-64  rotorblade  with  actuation  being  a  combination  of  a  piezoelectric  based  stack  actuator 
regarding  the  higher  frequencies  of  small  deflections  and  a  SMA  based  actuator  for  the  lower 
ficquencies  and  higher  deflections.  It  turned  out  that  the  servoflap  rotor  root  torsional  stiffness 
and  the  precollective  angle  are  the  most  powerful  parameters  for  optimising  actuation  work  and 
rotor  power.  An  adaptive  blade  root  torsional  spring  has  been  proposed  to  further  reduce  the 
actuator  work  by  55%  and  rotor  power  by  up  to  10%. 

Antennas 


Misra  et  al.  [1 1]  proposed  an  in-orbit  antenna  which  includes  active  elements  such  as  SMA  al¬ 
lowing  to  adjust  the  antenna  structure  to  periodic  distortions  caused  by  thermal  loading.  So  far 
such  antennas  suffer  fix)m  loss  of  antenna  gain  requiring  multiple  feedhoms  and  frequent  an¬ 
tenna  calibrations.  This  could  be  avoided  by  controlling  the  antenna  surface  with  rim  displace¬ 
ments  as  shown  in  figure  4h. 
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Fig.  4b  SMA  actuated  adaptive  antenna  [11] 

The  solution  includes  a  conventionally  processed  composite  sandwich  panel  with  quartz  capil¬ 
lary  tubes  embedded  in  the  back  facesheet  along  preferential  radial  load  paths.  An  isogrid  rib 
pattern  is  machined  and  conditioned  SMA  wires  are  laced  through  the  open  quartz  tubes  and 
secured  to  anchor  strips.  Activation  of  the  various  combinations  of  SMA  wire  segments  allow  to 
deform  the  reflector  accordingly. 


CHALLENGES  FOR  SMA 


Increase  in  complexity 

For  the  examples  mentioned  above  no  control  concept  has  been  described.  Only  very  briefly  the 
need  for  training  and  the  relative  slow  response  time  of  SMAs  is  mentioned.  The  reason  for  this 
lack  of  information  is  possibly  related  to  the  complexity  of  the  SMA  constitutive  behaviour. 
Traditionally  engineering  designers  deal  with  a  linear  stress-strain  behaviour,  with  additional 
non-linearities  becoming  more  and  more  state-of-the-art  as  well.  SMAs  however  require  tem¬ 
perature  as  a  third  dimension  of  non-linear  behaviour  leading  to  an  increase  in  complexity  of  at 
least  50%  when  compared  to  conventional  materials.  This  requires  approaches  to  describe  this 
complexity  in  a  relative  widely  imderstandable  way  as  partially  discussed  below. 


Describing  the  constitutive  behaviour 

Most  of  the  approaches  describing  SMA  constitutive  behaviour  are  based  on  Helmholtz's  free 
energy.  Starting  from  the  principles  of  thermodynamics  with  the  energy  balance  and  the  Clau- 
sius-Duhem  inequality,  Tanaka  [17]  derived  the  following  equation 


where  <j,  p,0,£,  S.  T,  ^  qsur,  F  and  x  is  stress,  density,  Helmholtz  free  energy,  strain,  entropy 
density,  temperature,  martensite  fraction,  internal  energy  density,  deformation  gradient  and  the 
material  coordinate  in  the  reference  configuration  respectively.  Since  0=U-TS  with  C/ being 
the  inner  energy  density  Ois  independent  of  ^and  thus  allows  the  third  term  of  Eq.  (1)  to  van- 
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ish.  If  dr/3c  is  assumed  to  be  zero  as  well  and  =  -S  due  to  the  definition  of  Helmholtz's 
free  energy,  Eq.  (1)  is  limited  to  the  first  term  only  leading  to 

(2) 

de 

Based  on  this  equation  and  including  a  cosine  model  to  describe  the  transformation  kinetics 
Liang  and  Rogers  [18]  established  their  one-dimensional  model  which  fairly  well  allows  to  de¬ 
scribe  the  austenitic  stage.  To  fully  include  the  martenisitc  stage  as  well  Brinson  [19]  extended 
Liang's  model  by  splitting  the  martensite  content  %  into  a  stress  (5)  and  a  temperature  (T)  in¬ 
duced  portion.  The  resulting  equations  are  thus  denoted  as: 

(3) 

(T  -  o-„  =  V  -  Dfe  K  +  -  n(fo  + ©(r  -  r„ )  (4) 

with  D,  /2and  0  being  Young's  modulus,  transformation  tensor  and  thermal  coefficient  of  ex¬ 
pansion  respectively  and  subscript  0  denoting  the  value  of  initial  condition.  This  approach  has 
been  specifically  appreciated  because  of  its  relative  simplicity  from  an  engineering  point  of 
view.  An  example  of  an  achieved  result  is  shown  in  figure  5. 

Kamita  and  Matsuzaki  [20]  proposed  a  one-dimension^,  isothermal  pseudoeleastic  theory  based 
on  an  energy  theorem  and  thermodynmaic  laws.  Briefly  spoken  they  extended  the  Helmholtz 
free  energy  to  a  specific  free  energy,  containing  the  two  terms  of  the  martensitic  and  austenitic 
stage  as  well  as  a  specific  interaction  energy  Oa  resulting  from  energy  dissipation  during  the 
transformation  kinetics.  The  resulting  final  equations  can  be  written  as 

and  -(«. -a.\T-T,)).4F^ 

k-\ 

F{lT)=eE^e^ -2k^E\(a,  -a.^T -T,)^kE^(ka, -a,Y(T-T,f 

where  ox/and  (Ja  are  the  transformation  stress  to  martensite  and  austenite,  ^  T,  E.  s, 
denote  martensite  content.  Temperature,  Young's  modulus,  strain,  thermal  expansion  and  spe¬ 
cific  heats  at  constant  strains  and  subscripts  1  and  2  denote  the  values  for  austenite  and  marten¬ 
site  respectively.  Experimental  verification  [21]  was  done  with  data  from  [23]  (figure  6). 

The  conclusion  is  here  that  different  models  are  able  to  describe  different  experiments  but  a 
broader  validation  would  be  desirable.  An  initial  comparison  is  described  in  [23]  for  a  limited 
number  of  models.  The  general  conclusion  was  that  each  model  has  its  own  characteristic  and 
lacks  of  the  one  or  the  other  property.  Combinations  of  different  models  can  lead  to  an  im¬ 
provement  but  this  needs  to  be  done  with  care  because  otherwise  complexity  can  lead  to  unat¬ 
tractive  handling  characteristics. 
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Training 

It  is  reported  in  a  variety  of  papers  (e.g.  [22])  that  the  transformation  stresses,  the  residual  strain 
as  well  as  the  size  of  the  hysteresis  loop  of  SMAs  decreases  over  the  number  of  cycles  imtil  it 
finally  reaches  a  quasi  stabilised  stage.  An  example  of  some  tests  having  been  done  under  mean 
strain  control  on  NiTi  wires  is  shown  in  the  figure  7  [24]. 


Fig.  7  Stress-strain  relaxation  in  NiTi-wires  during  mean  strain  controlled  fatigue  loading 

Avoidance  of  these  relaxation  effects  can  reduce  the  control  effort  significantly  which  may  ei¬ 
ther  be  achieved  by  cycling  the  SMA  until  saturation  or  improving  the  material  condition.  Nei¬ 
ther  of  both  however  seems  to  be  solved  with  little  effort. 

Damping 

The  good  damping  properties  of  SMAs  mentioned  before  are  only  related  to  the  linear  elastic 
portion  of  these  materials.  This  however  becomes  even  more  interesting  when  damping  resulting 
from  the  SMA's  hysteresis  is  considered  [24].  To  define  specific  damping  capacity  (SDC) 
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Lazan’s  definition  [25]  was  selected  which  is  the  ratio  of  specific  damping  energy  Ed  and  spe¬ 
cific  strain  energy  Es  as  shown  in  figure  8.  Using  that  definition  and  plotting  the  results  of  a 
fatigue  test  performed  on  a  SMA  wire  at  a  mean  strain  of  2.5%  and  at  different  strain  amplitudes 
results  are  obtained  as  shown  in  figure  8.  Damping  increases  significantly  when  the  material  can 
advantage  of  the  transformation  process.  The  reason  why  damping  is  again  reduced  beyond 
1.5%  of  strain  amplitude  may  be  related  to  Lazan's  SDC  definition  which  still  needs  to  be  veri¬ 
fied  for  SMAs.  Other  parameters  influencing  SDC  is  the  amount  of  offset  strain  selected,  strain 
rate  or  temperature  where  further  results  are  reported  in  [24]. 

Spec.  Energy  [Mpa]  Spec.  Damping  [-] 


Fig.  8  Damping  definition  and  influence  at  different  strain  amplitudes  under  2.5%  mean  strain 


Frequency 


From  what  could  be  observed  experimentally  [24, 26]  the  energy  dissipated  per  unit  volume  and 
thus  damping  decreases  significantly  as  shown  as  an  example  in  figure  9.  This  behaviour  has 
also  been  proven  analytically  in  [27]. 

Energy  [Mpa]  Damping  capacity  [-] 


Frequency  [Hz] 

Fig.  9  Influence  of  frequency  on  damping  behaviour  of  SMA  wires 


INTEGRATING  SMA  INTO  SYSTEMS 

IFrom  all  what  has  been  mentioned  above  we  are  at  least  already  at  an  initial  stage  where  the 
integration  of  SMAs  into  a  structure  can  be  considered.  A  first  relatively  simple  approach  is 
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beams  with  externally  attached  SMA  wires  allowing  gradually  to  understand  what  is  happening 
in  a  composite  with  integrated  SMA  elements. 

Beams 


To  understand  the  interaction  between  a  very  generic  engineering  structure  and  a  SMA  actuator 
a  cantilever  beam  actuated  by  a  SMA  wire  has  been  selected.  Brand  et  al.  [28]  and  Brinson  et  al. 
[29]  integrated  Brinson's  model  of  SMA  one-dimensional  constitutive  behaviour  into  such  a 
cantilever  beam  system  where  the  results  are  shown  in  figures  10  and  1 1 . 


Fig.  10  Deflection  of  SMA  actuated  beam  [28] 

The  right  hand  side  diagram  shows  that  the  deflection  of  the  beam  can  be  well  predicted.  How¬ 
ever  non-linear  deflection  behaviour  has  to  be  considered  when  SMAs'  capabilities  is  taken  full 
advantage  of.  This  allows  to  predict  how  the  beam  is  going  to  behave  when  it  is  loaded  accord¬ 
ing  to  a  defined  variable  temperature  sequence  as  shown  in  figure  11. 


Time 


Fig.  1 1  Beam  tip  deflection  and  SMA  stress  response  under  a  variable  temperature  history  [29] 

The  lower  left  hand  side  of  figure  1 1  shows  the  input  function  being  the  defined  variable  tem¬ 
perature  sequence  while  the  resulting  non-linear  beam  tip  deflection  resulting  from  the  non¬ 
linear  SMA  behaviour  is  shown  on  the  figure  above.  The  right  hand  side  figure  shows  the  stress 
versus  temperature  path  of  the  trained  SMA  wire.  It  can  be  seen  from  this  little  initial  example 
that  elements  to  establish  control  as  well  as  prediction  of  the  behaviour  of  SMA  reinforced  sys¬ 
tems  is  possible. 
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Composites  and  mannfactnring  issues 


The  integration  of  SMA  elements  -  mainly  wires  -  into  a  composite  material  is  a  highly  ambi¬ 
tious  step.  The  one-dimensional  constitutive  equations  need  to  be  extended  to  three-dimensional 
stress-strain-states  around  the  SMA  wires.  Additionally  microstructural  effects  have  to  be  con¬ 
sidered  resulting  from  the  small  SMA  wire  diameter  and  surface  treatment  of  the  wires  plays  a 
major  role  to  allow  shear  stresses  to  be  transferred  from  to  the  host  material.  The  rough  surfaces 
may  thus  have  a  detrimental  effect  on  the  wires'  strength.  Finally  the  big  stiffness  difference 
between  martensite  SMA  and  graphite  fibres  needs  to  be  considered.  All  this  is  actually  the  fo¬ 
cus  of  big  research  programmes. 

Lessons  learned  from  one-dimensional  SMA  behaviour  can  however  already  be  used  for  de¬ 
signing  the  tools  required  for  manufacturing  SMA  reinforced  composites.  One  of  these  tools  is  a 
frame  with  a  comb  at  its  ends  where  the  SMA  wire  is  continuously  looped  around  (figure  12). 
The  ends  of  the  frame  in  the  SMA  fibre  direction  are  then  pulled  which  allows  to  implement  the 
pre-stress  and  —strain  on  the  SMA  wires.  The  whole  system  is  stacked  with  the  other  prepregs 
and  cured,  ending  in  a  SMA  reinforced  composite.  Such  experiments  are  actually  performed  in 
the  EU-funded  ADAPT  project  [3 1,32].  An  example  of  the  hardware  achievements  from  that 
project  can  be  seen  in  figure  12. 


Fig.  12  Manufacturing  and  prototype  of  a  composite  with  SMA  wires  [30-32] 


CONCLUSIONS 

Various  activities  are  going  on  towards  SMA  actuated  smart  structures.  Progress  over  the  past  is 
promising  which  can  be  specifically  related  to  understanding  and  analytically  describing  SMAs' 
constitutive  behaviour  as  well  as  manufacturing  SMA  reinforced  composites.  However  the  high 
complexity  of  SMA  constitutive  behaviour  will  require  consideration  regarding  the  following: 

•  The  different  models  being  around  need  to  be  consolidated.  This  may  be  achieved  through 
intensive  discussions  on  workshops  supported  by  benchmark  tests  and  round  robins. 

•  Agreed  standards  for  testing  SMAs  need  to  be  established  which  will  allow  better  compari¬ 
son  of  the  experimental  data  being  around. 

•  Databases  of  widely  accepted  experimental  results  are  required  to  validate  the  various  mod¬ 
els  of  SMA  constitutive  behaviour  as  well  as  demonstrating  the  variety  of  essential  parame¬ 
ters  involved. 

•  Numerical  codes  which  can  be  implemented  as  modules  into  standard  FE  codes. 

Based  on  such  achievements  control  algorithms  for  SMA  actuated  smart  structures  can  be  better 
designed  than  this  is  possible  so  far.  Further  knowledge  is  required  regarding  damping,  strain 
rate  and  temperature  effects  which  are  all  interacting  between  each  other.  Before  however  con- 
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sidering  active  damping  capabilities  of  SMAs  the  potential  of  passive  damping  of  these  materi¬ 
als  should  be  explored  to  its  full  extent. 

Regarding  composites  still  more  effort  needs  to  be  done  regarding  understanding  the  behaviour 
along  the  interfaces  between  the  SMA  wires  and  the  host  material.  It  would  be  desirable  if  this 
possibly  complex  behaviour  could  be  downscaled  to  a  level  such  as  we  know  it  today  in  classi¬ 
cal  laminar  theory.  This  would  then  also  allow  to  better  map  and  thus  get  a  better  feeling  of  the 
different  promising  material  combinations. 

Enhanced  knowledge  in  the  SMA  reinforced  composites  behaviour  will  possibly  give  manufac¬ 
turing  of  these  composites  a  further  push.  However  even  tackling  the  manufacturing  issues 
based  on  available  knowledge  today  is  highly  useful  because  it  allows  to  deal  with  the  different 
issues  in  a  controlled  way.  Achievements  so  far  show  that  manufacturing  of  small  sized  samples 
is  feasible.  A  next  step  will  now  need  to  focus  on  manufacturing  larger  samples  such  as  being 
applied  in  aircraft  and  to  consider  cost  issues  which  are  an  essential  parameter  of  decision. 
Alltogether  the  past  activities  have  proven  that  SMA  is  still  a  potential  element  within  smart 
structures.  The  way  to  achieve  this  seems  quite  long  but  compared  to  the  development  cycles  in 
aluminium  alloys  or  composites  there  does  not  seem  to  be  much  of  a  difference.  Maybe  the  ’im¬ 
patience'  just  results  from  the  partially  much  shorter  development  cycles  in  completely  other 
engineering  areas. 
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ABSTRACT 

Effective  use  of  Shape  Memory  Alloys  (SMAs)  depends  upon  detailed  knowledge  of  their 
thermomechanical  behavior.  In  this  paper,  thermomechanical  behavior  of  SMAs  is  studied  using 
a  novel  ACES  methodology.  More  specifically,  variation  of  modulus  of  elasticity  of  equiatomic 
NiTi  is  studied,  as  a  fimction  of  temperature.  The  results  show  that  the  modulus  of  elasticity  of 
the  NiTi  studied  herein  varies  from  38  GPa  to  72  GPa  as  the  temperature  changes  from  -1 5  ®C  to 
190°C,  corresponding  to  phase  transition  from  martensite  to  austenite.  Comparison  of 
Analytical,  Computational,  and  Experimental  Solutions  (ACES)  results  showed  good  correlation. 

INTRODUCTION 

Shape  memory  alloys  exhibit  complex  thermomechanical  behavior.  One  of  these 
characteristics  is  related  to  Shape  Memory  Effect  (SME)’*^  which  is  attributed  to  a  phase 
transformation  from  martensite  to  austenite  resulting  in  a  variation  in  the  modulus  of  elasticity  as 
a  fimction  of  temperature.  SME  is  a  nonlinear  process,  and  requires  statistical  and  computational 
methodologies  to  model  its  unique  characteristics.  The  transformation  can  be  achieved  either  by 
stressii^  the  SMA  or  by  thermal  treatment.  This  paper  concentrates  on  using  a  combination  of 
Analytical,  Computational,  and  Experimental  Solutions  (ACES)  Methodology  in  order  to  obtain 
results'*. 

METHODOLOGY 

The  SMA  used  in  this  study  was  in  the  form  of  a  ribbon  with  cross-sectional  dimensions  of 
2250  by  500  microns.  The  samples  were  of  three  different  lengths:  39.85  mm,  28.82  mm,  and 
25.0  mm.  They  were  subjected  to  vibration  excitation,  and  the  first  four  resonant  frequencies 
were  recorded.  The  experiment  was  performed  over  a  temperature  range  from  -15  ®C  to  190°C. 
Scanning  Electron  Microscopy  (SEM),  X-Ray  Diffraction  (XRD),  and  Energy  Disperssive 
Spectroscopy  (EDS)  techniques  were  used  to  determine  the  phase  structure  of  the  alloy. 
Composition  of  the  alloy  strongly  affects  material  properties  being  measured.  Measurements 
made  using  SEM,  XRD,  and  EDS  provided  quantitative  information  and  allowed  determination 
of  composition  of  the  SMA  to  be  57%  Ni  and  43%  Ti.  In  this  paper,  the  ACES  methodology 
was  used  to  evaluate  the  modulus  of  elasticity  as  a  fimction  of  temperature. 

ACES  Methodology 

ACES  methodology  depends  on  coordinated  use  of  analytical,  computational,  and 
experimental  solutions  to  obtain  an  answer  to  a  problem  that  might  not  otherwise  be  obtainable. 
Using  this  methodology  a  hybrid  optimal  solution  is  sought  that  provides  reliable  design 
information.  Information  obtained  from  e?q)erimentation  can  be  used  in  computational  analysis 
and  for  validation  of  analytical  results.  Also,  imcertainty  analysis  is  an  integral  part  of  ACES 
methodology  and  fecilitates  investigation  of  critical  variables  affecting  SME  of  NiTi 
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Analytical  considerations 


A  linear  approach  has  been  used  in  this  stud/.  Such  an  approach  is  valid  when  only 
material  properties  are  sought  and  the  microstructural  changes  as  a  result  of  the  phase  transition 
are  not  taken  into  consideration.  Also,  in  the  linear  approach,  the  SMA  is  analyzed  by  itself 
because  the  approach  will  be  different  when  the  SMA  is  a  part  of  a  composite  structure.  Beam 
theory  was  used  to  formulate  the  equations  of  motion  to  model  dynamic  behavior  of  the  SMA. 
Solving  the  equations  of  motion  the  equation  for  the  modulus  of  elasticity,  Y,  was  obtained  to  be 

p:i  ’ 

where  /,  is  the  frequency  of  vibration  of  the  n***  mode  characterized  by  a  coefficient  >5^ ,  Z  the 
effective  length  of  the  sample  used,  p  is  the  density,  A  is  the  area  of  cross-section,  and  I  is  the 
moment  of  inertia. 

Computational  considerations 

Material  properties,  in  particular  the  Young’s  modulus  determined  from  Time- Average 
Opto-Electronic  Holography  (TAOEH)  was  used  as  input.  The  resonance  frequencies  generated 
from  the  FEM  analysis  were  compared  to  those  from  OEH.  This  comparison  was  conducted  for 
all  three  different  lengths  of  the  NiTi  samples.  Dynamic  FEM  analysis  deals  with  the  prediction 
of  natural  frequencies  of  vibrating  structures  and  corresponding  mode  shapes  of  structures 
undergoing  free  undamped  vibrations.  The  modal  analysis  is  a  eigenvalue  problem  for  which  the 
governing  equation  is 

[Af]{«}+[^:]{a}  =  0  .  (2) 

where  [M]is  the  total  mass  matrix,  [AT]  is  the  stifhiess  matrix,  {«},and  {a}  are  the  nodal 
accelerations  and  displacements,  respectively. 

Experimental  considerations 

TAOEH  was  used  for  the  determination  of  the  Young’s  modulus  of  NiTi  from  the  measured 
resonant  frequencies.  Using  this  method,  the  mode  shapes  corresponding  to  the  first  four  bending 
frequencies  were  visualized  and  the  corresponding  frequencies  recorded®.  The  NiTi  samples 
were  excited  in  a  cantilever  beam  configuration.  Care  was  taken  to  use  a  base  that  consisted  of 
flat  surfaces,  to  ensure  “fixed  “  boundary  conditions.  The  resonance  frequencies  were  monitored 
over  the  temperature  from -15  °C  to  190  ®C,  for  all  the  lengths  of  the  samples.  In  TAOEH 
method  the  deformation  of  the  object  can  be  obtained  by  solving  for  Q,  defined  as 
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where  I  represents  the  laser  irradiance  field,  O,  is  the  time  varying  fringe-locus  function  relating 
to  object  displacements,  and  B  is  the  bias  modulation. 

For  XRD,  and  EDS  analyses,  the  NiTi  samples  were  prepared  using  standard  hot  press 
technique  and  were  polished  to  ensure  flatness.  Samples  were  mounted  on  the  x-ray 
diffractometer  and  the  diffraction  patterns  were  recorded  from  10°  to  165°.  The  radiation  used  to 
generate  the  x-rays  was  CuK  a .  From  the  patterns  obtained,  the  composition  of  the 
microstructure  was  determined.  The  spectrum  obtained  was  analyzed  to  determine  the 
distribution  of  martensite  and  austenite.  This  was  necessary  as  the  microstructure  of  the  NiTi 
sample  has  a  direct  impact  on  the  range  of  Young’s  modulus  as  determined  from  TAOEH.  The 
Hanawalt  search  technique  was  used  to  determine  the  phases  present  in  the  specimen. 

The  percentage  compositions  by  weight  were  determined  for  the  NiTi  samples  using  x-ray 
analysis  on  the  SEM,  which  houses  the  Kevex  system.  Quantitative  analysis  on  the  NiTi  sample 
provided  results  pertaining  to  amoimt  of  Nickel  and  Titanium  and  also  traces  of  other  elements. 


RESULTS 

Phase  and  composition  identification 

SMAs  have  only  two  phases  present  at  any  given  temperature.  The  NiTi  samples  used  in 
this  study  were  heat  treated  to  eliminate  work  hardening  from  the  manufacturing  process.  Heat 
treatment  (annealing)  was  followed  by  natural  cooling  (absence  of  quenching)  to  retain  both  the 
martensitic  and  austenitic  phases.  Heat  treatment,  however,  eliminates  most  of  the  martensite  in 
the  sample  and  an  XRD  analysis  should  result  in  a  spectrum  where  most  of  the  peaks  should 
correspond  to  that  of  austenite.  Also,  based  on  x-ray  diffraction  results,  it  was  possible  to 
determine  the  crystallographic  structure  by  comparing  the  d-spacing  with  the  standard  powder 
metallurgy  file  standards  18-199  (austenite)  and  35-1281  (martensite).  The  austenite  was  found 
to  have  a  cubic  structure  and  martensite  was  found  was  monoclinic.  Figure  1  shows  the  XRD 
spectrum  for  a  heat-treated  NiTi  ribbon  measured  at  room  temperature. 
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Fig.  1 .  XRD  spectrum  for  a  heat  treked  NiTi  ribbon  at  room  tenq^erature 
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Material  properties  are  directly  related  to  the  composition  of  an  alloy  or  metal.  Quantitative 
analysis  on  the  NiTi  sample  provided  results  pertaining  to  amount  of  Nickel  and  Titanium  and 
also  traces  of  other  elements.  The  composition  was  found  to  be  close  to  equiatomic  (47.7%  Ni, 

5 1 .42%  Ti).  Traces  of  aluminum  and  silicon  were  detected  in  the  analysis.  The  presence  of 
aluminum  and  silicon  can  be  attributed  to  metallographic  polishing  (AI)  and  the  detector  on  the 
SEM(Si). 


Determination  of  the  modulus  of  elasticity  from  TAOEH 


The  Young’s  modulus  was  determined  from  the  resonance  frequencies  measured  by 
TAOEH.  Modulus  of  elasticity  of  SMAs  is  a  strongly  nonlinear  function  of  temperature. 
Therefore,  accurate  knowledge  of  the  temperature  of  the  sample  at  the  instant  measurements  is 
made  is  necessary.  The  time  constant  for  these  measurements  was  60  min,  that  is,  the 
measurements  of  parameters  used  in  Eq.  1  were  made  60  min  after  the  temperature  change  was 
imposed  on  the  samples  within  the  enviommental  chamber. 

Determination  of  temperature  dependence  of  the  modulus  of  elasticity  was  made  using  the 
TAOEH  and  fecUity,  Fig.  2.  The  data  were  obtained  for  three  different  lengths  of  the  samples 
and  for  the  temperature  range  from  -1 5°C  to  190®C.  All  samples  were  placed  in  a  specially 
designed  environmental  chamber,  during  these  experiments.  Figure  3  shows  a  representative 
dependence  of  the  modulus  of  elasticity  of  NiTi  on  temperature,  based  on  the  measurements 
made.  These  results  indicate  a  hysteritic  behavior  due  to  heating  and  cooling  cycles,  which  is 
typical  of  SMAs.  Also  the  slope  initially  is  found  to  decrease  during  heating  and  cooling  of  the 
NiTi  sample.  According  to  the  results  shown  in  Fig.  3  the  phase  transformation  from  martensite 
to  austenite  starts  at  50“C.  Martensitic  transformations  are  never  complete  in  nature  and  there 
will  always  be  residual  martensite.  The  results  shown  in  Fig.  3  were  obtained  for  a  NiTi  sample 
of  effective  length  of  T  =  39.85  mm,  and  the  Young’s  modulus  was  calculated  from  the  first 
bending  mode.  The  modulus  of  elasticity  based  on  the  second,  the  third,  and  the  fourth  bending 
modes  was  also  determined,  and  calculations  were  repeated  for  effective  lengths  of 28.82  mm 
and  25.0  mm.  Fig.  4.  The  average  modulus  of  elasticity  as  a  function  of  temperature  was  then 
calculated  as  a  function  of  temperature  for  each  of  these  lengths. 


Fig.  2  TAOEH  setup  for  measurement 
of  resonance  frequencies  of  NiTi 
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Fig.  3  Modulus  of  elasticity  of  NiTi  as  a 
Function  of  temperature 
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Fig.  4.  Average  modulus  of  elasticity  for  NiTi  as  a  function  of  temperature. 


The  transition  temperature  for  SMAs  is  known  to  shift  as  a  result  of  thermomechanical 
fatigue  of  the  microstructure.  The  results  fi-om  FEM  correlated  well  with  experimentally 
measured  fi-equencies.  A  comparison  between  analytical  and  experimental  methods  yielded^  an 
error  of -9.2%  and  comparisons  between  experimental  and  computational  results  have  provided 
an  error  of  0.8%.  Figure  5  shows  a  representative  comparison  of  ACES  results. 


Fa  =  2052  Hz 


Fe  =  2330Hz 


Fc  =  2347Hz 


Fig.  5.  Comparison  of  ACES  results  for  NiTi  with  effective  length  of  28.82  mm. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  results  presented  in  this  paper  show  the  validity  of  using  a  hybrid  approach,  based  on 
the  ACES  Methodology,  in  characterizing  SMAs,  more  specifically  NiTi.  Material  property 
value  determination  was  achieved  by  TAOEH,  a  noninvasive  holographic  methodology.  Many 
times,  analyses  are  performed  based  on  “book  values”  or  published  values  of  material  properties. 
This  usually  results  in  inaccuracy  in  evaluation/analysis  of  the  design.  The  errors  resulting  from 
poorly  defined  material  property  values  are  even  more  critical  for  SMAs,  which  exhibit  a  strong 
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dependence  of  the  material  property  values  on  stress,  strain,  and  temperature.  The  material 
dependence  (modulus  of  elasticity)  on  temperature  was  measured  by  TAOEH  and  the  values 
obtained  reflect  reahty  and  actual  behavior  of  the  material  used  rather  than  the  approximate 
“book”  values  (ranges)  provided  by  the  manufacturer. 

A  non-linear  FEM  approach  based  on  a  thermomechanical  foundation  taking  into  account 
the  phase  transformation  would  possible  provide  results  that  have  a  closer  agreement  with 
experimental  results.  The  same  holds  for  comparisons  between  analytical  and  experimental 
results.  The  “book”  values  provide  ranges  for  the  moduli  of  elasticity  for  martensite  and 
aust^te.  The  correlation  between  analytical  and  computational  results  would  agree  better  if 
nonlinear  approaches  were  used.  In  this  paper,  a  comparison  between  analytical  and 
experimental  methods  yielded  errors  of —9.2%,  and  comparisons  between  experimental  and 
computational  results  have  provided  an  error  of  0.8%. 

Overall,  this  study  has  shown  that  there  exists  good  correlation  between  analytical, 
comptational,  and  experimental  methodologies  in  terms  of  material  property  determination  and 
prediction  of  resonance  frequencies.  Furthermore,  following  sufficient  convergence  analysis,  the 
FEM  can  be  used  as  a  primary  source  of  analysis  in  place  of  expensive  and  often 
time-consuming  experimental  work.  Finally,  a  hybrid  approach,  such  as  ACES  methodology 
proves  to  be  an  important  step  in  the  characterization  of  material  behavior  as  it  provides  results 
with  a  higher  level  of  confidence. 

ACKNOWLEDGEMENTS 

TTie  authors  would  like  to  thank  Peter  Hefti  for  his  invaluable  assistance  during  the  course  of 
this  study.  We  would  also  like  to  thank  the  Material  Science  and  Engineering  Department  at 
WPI  for  the  pse  of  the  SEM  and  the  XRD  apparatus. 


REFERENCES 

1 .  E.  Hombogen,”  Shape  memory  mziQivsihr Practical  Metallurgy,  26:279-294  ( 1 989). 

2.  D.  S.  Ford,  S.  R.  White,  “Thermomechanical  behavior  of  55Ni45Ti  NiTiNOL,’Mcto 
Metallurgica,  44:2295-2307  (1995). 

3.  A.  Baz,  and  J.  Ro,  “Thermo-dynamic  characteristics  ofNiTiNOL-reinforced  composite 

beams,”  Composite  Engineering,  2:527-542  ( 1 992).  ' 

4.  D.  R.  Pryputniewicz,”ACES  approach  to  the  development  of  micro-components,”  M.S 
Thesis,  p.10-17,  Worcester  Polytechnic  Institute,  Worcester,  MA  (1997). 

5.  S.  P.  Mizar,“  Thermomechanical  characterization  of  Shape  Memory  Alloys  by  ACES 
Methodology,”  M.  S.  Thesis,  p.  54-128,  Worcester  Polytechnic  Institute, 

Worcester,  MA  (1999). 

6.  R.  J.  Pryputniewicz,  "Holographic  and  finite  element  studies  of  vibrating  beams," 
Proc.SPIE,  599:54-62  (1985). 


104 


STRESS-EVDUCED  MARTENSITE  IN  NITI  CORRUGATED  FILMS 


MANFRED  WUTTIG,  J.  S.  SLUTSKER,  KIYOTAKA  MORI  AND  JIANG  LI 
Department  of  Materials  Science  and  Engineering 
University  of  Maryland,  College  Park,  MD,  20742-21 15,  USA 


ABSTRACT 

Films  deposited  on  corrugated  surfaces  develop  non-uniform  stresses  when  cooled  from 
the  deposition  temperature.  A  disclination  model  shows  that  the  stresses  have  rhombohedral  and 
tetragonal  components  which  can  preferentially  stress  induce  the  martensite  variants.  The 
deflection  of  NiTi/Si  bimorphs  caused  by  the  formation  of  martensite  should  thus  be  different  if 
the  NiTi/Si  interface  is  corrugated  or  not.  Experimental  results  confirm  this  expectation. 

INTRODUCTION 

Shape  memory  alloy  (SMA)  films  have  been  so  far  deposited  on  planar  Si,  e.g.  [1] 
metallic  [2]  and  polymeric  [3]  surfaces  and  investigated  either  in  the  detached  or  attached  two- 
way  SM  states.  It  has  been  shown  that  uniform  film  stresses  which  are  introduced  during 
cooling  from  the  processing  temperature,  affect  the  transformation  characteristics  significantly 
[4].  It  is  also  known  that  non-planar  surfaces  are  conducive  to  graphoepitaxial  growth  [5].  In 
this  paper  we  show  that  the  density  of  martensite  plates  in  a  corrugated  (NijoTijo  film)/(Si 
substrate)  composite  corresponds  to  the  density  of  pyramidal  etch  patterns  in  the  substrate  and 
propose  that  the  non-uniform  stress  state  gives  rise  to  local,  stress-induced  formation  of 
martensite. 

EXPERIMENT 

NiTi  films  were  sputter  deposited  on  flat  and  corrugated  Si  and  NiTi/Si  bimorph 
cantilevers  as  described  before  [8],  [6],  [7].  Their  displacement  caused  by  the  martensitic 
transformation  [7]  was  determined  by  a  capacitatance  technique  [8]. 

The  pyramidal  etch  patterns  were  produced  at  80 °C  by  using  a  60/40  mixture  of 
hydrazine  and  distilled  water  [9].  Their  density  was  controlled  by  annealing  the  Si  wafers  in 
Argon  in  the  temperature  range  between  800°C  and  900°C  [10].  After  the  last  processing  step 
the  substrate  is  covered  with  a  few  nanometers  thick  layer  of  amorphous  native  SiOj  [1 1].  No 
effort  was  made  to  remove  this  layer  from  the  etched  Si  substrate. 

Microstructural  characterization  was  performed  at  room  temperature  with  a  Digital 
Instruments  Dimension  3000  atomic  force  microscope  (AFM).  The  contact  mode  was  used  to 
determine  the  surface  topology  of  the  samples.  AFM  evidence  in  support  of  stress-induced 
martensite  growth  is  derived  from  the  relation  of  the  topologies  of  the  etched  substrate  with  the 
corresponding  surface  relief  of  the  NijoT^o  film.  A  comparison  of  those  topologies  shows  that 
the  density  of  the  chevron  like  martensitic  plates  [12]  corresponds  to  the  density  of  the 
pyramidal  etch  pattern. 

MODELING 

Consider  the  model  2-D  fllm/substrate  composite  shown  in  Fig.  2a.  Due  to  the  different 
coefficients  of  thermal  expansion  of  the  film  and  substrate  thermoelastic  stresses  arise  in  the 
film  and  substrate  as  it  is  cooled  from  the  deposition  temperature,  through  the  martensite  start 
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Figure  2:  Modeling  scheme  of  the 

thermoelastic  stress  in  a  film/substrate 

composite  with  a  corrugated  interface; 

a.  model  2-D  film/substrate  composite, 

b.  hypothetically  detached  film  and 
substrate  at  reference  temperature  T, 

c.  differential  thermal  contraction  after 
cooling  to  T-AT  for  cCfXXj, 

d.  expansion  of  film  to  match  linear 
dimensions  of  substrate  through 
application  of  a  uniaxial  stress  E(af- 
as)AT  to  the  film, 

e.  angular  mismatch  of  cooled  film  and 
substrate  corrugations  after  uniaxial  film 
expansion, 

f.  complete  match  of  cooled  film/substrate 
composite  with  corrugated  interface  by 
introducing  disclinations  of  positive  and 
negative  Frank’s  vector  marked  A  and  T 
respectively. 


temperature  to  room  temperature.  They  can  be 
modeled  as  shown  conceptually  in  Figs.  2b 
through  2f  depicting  the  present  case  where  the 
coefficient  of  thermal  expansion  of  the  NiTi  film, 
otf ,  is  larger  than  that  of  the  Si  substrate,  a^.  Upon 
cooling,  the  hypothetically  detached  film 
contracts  uniformly  in  comparison  to  the 
substrate,  see  Fig.  2c.  As  shown  in  Fig.  2d,  a 
uniaxial  stress  E(af-as)AT  will  partially  rematch 
the  film.  However,  this  uniaxial  stress  leads  to  a 
difference  of  the  corrugation  angles  of  film  and 
substrate,  (|)f  and  identified  in  this  figure. 
Complete  rematching  without  re-adjustment  of 
the  corrugation  angles  is  not  possible  as  can  be 
seen  from  Fig.  2e.  This  angular  adjustment  is 
accomplished  by  introducing  the  disclinations 
[13]  shown  in  Fig.  2e.  Their  Frank’s  vectors,  to, 
are  given  by  the  difference  of  the  two  corrugation 
angles,  (»)=±((j)5-(j)f) .  Since  ((Xf-(Xj.)AT  «1,  it 
follows  that  a)=±(af-cx^)AT.  The  sum  of  the 
uniaxial  stress  and  the  stress  fields  of  the 
disclinations  shown  in  Fig.  2f  must  be  augmented 
by  the  fields  of  appropriate  image  disclinations 
and  dislocations  located  at  the  film  surface  [14]  so 
that  the  boundary  conditions  at  the  surface  of  the 
film  are  met:  one  component  of  the  normal 
stresses  and  the  rhombic  shear  stress,  ,  must  be 
zero.  The  normalized  shear  stress  a^y/(Da)), 
D=G/[2tc(1-v)],  in  the  composite,  calculated  in 
this  fashion  [15],  can  be  seen  in  Fig.  3.  It  shows 
the  expected  extrema.  A  3-D  plot  of  the  same  data 
confirms  the  absence  of  a^y  at  the  surface. 

DISCUSSION 

The  present  work  demonstrates  a  clear 
correlation  between  the  pyramidal  etching  pattern 
and  the  formation  of  martensite.  As  shown  in  in  a 
previous  publication  [12]  the  density  of  the 
chevron-like  martensitic  plates  corresponds  to  the 


density  of  the  pyramids.  In  addition  it  was 
demonstrated  that  the  martensite  chevrons  are 
aligned  with  respect  to  the  orientation  of  the  etched  pyramidal  pattern.  The  edges  of  the 
chevrons  are  oriented  45  degrees  with  respect  to  the  pyramid  bases  in  the  Si  surface  which  have 
a  (100)  orientation.  The  modeling  has  shown  that  large  shear  stresses,  o^y,  occur  close  to  the  tips 
and  valleys  of  the  corrugated  film/substrate  interface.  The  referenced  calculations  also  show  that 
the  stress  patterns  for  (a^^-Oyy)  are  similar.  It  follows  that  the  stresses  near  the  corrugated 
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Figure  3:  Contours  of 
the  normalized 
thermoelastic  stress  a^y 
/(Do))  in  the  2-D 
film/substrate  model 
composite  with  a 
corrugated  interface.  In 
the  large  areas 
±0.5<axy/(D(o)<0  and 
inside  the  lobes  close 
to  the  disclinations 
±0.5<Oxy/(Da))<±1.0 . 
The  lengths  a  and  b  are 
defined  in  Fig.  2f. 


0  1  2  3  y/b 

interface  are  suitable  to  induce  martensite  of  rhombic  or  tetragonal  symmetry  or  distorted 
variations  thereof.  Since  NijoTijo  martensite  has  a  monoclinically  distorted  rhombohedral  B19' 
structure,  the  large  interfacial  stresses,  o^y,  will  preferentially  induce  it.  It  is  thus  proposed  that 
the  observed  martensite  chevrons  represent  stress-induced  martensite. 

Supporting  experimental  evidence  for  the  above  proposal  is  shown  in  Fig.  4  on  the 
following  page.  It  is  clear  from  this  figure  that  the  transformation  induced  displacement  of  the 
bimorph  cantilever  with  a  corrugated  NiTi/Si  interface  is  larger  than  that  with  a  flat  interface. 
The  enhancement  of  the  displacement  is  due  to  the  enhancement  of  the  formation  of  martensite 
by  the  corrugation-induced  stresses. 
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Figure  4: 
Displacement  of 
two  NiTi/Si 
cantilever 
bimorphs  with  a 
corrugated  and  a 
flat  NiTi/Si 
interface.  The 
displacement  is 
due  to  the 
martensitic 
transformation 
occurring  between 
about  70 “C  and 
room  temperature. 
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ABSTRACT 

Electro-magnetic  nozzleless  melt-spinning  method  was  developed  by  combining  the  control  of  the 
flow  down  of  Ihe  molten  metals  after  electromagnetic  float-melting(i.e.  levitation)  with  rapid 
solidification  by  rotating  roll.  The  metallurgical  grain  microstructures  can  be  changed  by  rotating  roll 
speed.  It  was  confirmed  that  the  produced  ,  intermetallic  TiNi  and  NiAl  system  alloy  thin  plates 
showed  the  strong  crystal  anisotropy,  higher  shape  memory  functional  properties  than  those  the 
conventionally  processed  melt-worked  samples  having  its  same  origin.  As  new  SMAs  by  using  this 
method,  ferromagnetic  shape  memory,  FePd  alloy  having  very  large  magnetostriction  and  super  high 
temperature  shape  memory,  RuTa  alloy  having  the  transformation  over  1000*C  were  developed. 
Moreover,  our  recent  study  on  the  advanced  rapid-solidification  machine  to  produce  many  kinds  of 
short  fibers  as  well  as  ribbons  is  introduced.  Finally,  harmonic  material  design  for  sensor/actuator 
stacking  composite  system  ,  namely  "Smart  Board"  for  aircraft  structures  will  be  introduced. 

INTRODUCTION 

"Smart"  materials  and  structures  is 
defined  as  flie  multi-functional  advanced 
material  systems  which  have  the  capability  to 
manifest  some  active  effects  and  maintdn  the 
most  optimum  conditions  in  response  to  the 
environmental  changes.  [1]  Therefore,  the 
choice  of  actuator  material  as  ’well  as  optimum 
design  to  combine  the  actuator  element  with 
the  host  structure  in  more  monolithic, 
harmonic  and  systematic  manners  become  very 
essential.  [2]  [3]  Recently,  the  demand 

for  development  of  higher  performance  solid- 
state  actuator  materials  having  large  strain, 
rapid  response  time  and  long  durability  has 
been  increasing  for  fabricating  the  advanced 
mechatronics  systems  such  as  micromachine 
and  intelligent/smart  structures.  Most  metallic 
actuator  materials  (i.e.  magnetostrictive,  shape 
memory  alloy  etc.)  experience  the 

crystallographic  phase  transformation  pig.l  Multifunctional  intelligent/smait  actuator 
accompanied  with  energy  conversion  between  materials  and  their  energy  conversion  mechanism 
two  physical  quantities  such  as  magnetic,  between  different  physicS  quantities  during 
thermal  and  mechanical  energy  as  shown  in  their  phase  transformations. 
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Smart  Material  Elements 

MuIU-functlona!  Material  Element  having  "Sen  SOP 
as  well  as  "Actuator" 

(Candidates:) 

(1)  EledrostdcUve,  Piezoelectric  Ceramics 

(2)  Shape  Memory  Alloy 

(3)  Polymeric  Materials  (electric, piezo-, shape  meriMry) 

(4)  Electro-rtieological  Fluids 

(5)  Uquid  Crystal 

(6)  Ma{|netostrtctive  Material  etc. 


Changes  of  Crystal  Structure ,  Physical  Properties 

•  •  •  Related  to”  Phase  Transformation” 


Fig.l.  As  one  of  the  material  processing 
method  for  controlling  metallurgical 
microstructure  as  well  as  material  interface 
design,  flie  originally  developed 
electromagnetic  nozzleless  melt-spinning 
technique  was  used  in  this  study.  This  method 
is  characterized  by  combining  the  control  of  the 
flow  down  of  the  metal  melts  after 
electromagnetic  float-melting  (i.e.,  levitation) 
with  rapid  solidification  by  high-speed  rotating 
roll.  First,  my  work  on  development  of  high 
performance  shape  memory  alloys  is  reviewed 
for  the  conventional  SMAs,  TiNi  and  NiAl 
alloys  having  stronger  crystal  anisotropy,  larger 
shape  recovery  deformation  and  higher 
ductiUties.  Second,  the  work  on  developing  a 
new  equiatomic,  super  high  temperature  shape 
memory  Ru-Ta  alloy  system  having  its  inverse 
transformation  temperature  over  1000“C,  and 
third,  our  very  recent  work  on  ferromagnetic 
shape  memory  alloy,  Fe-Pd  alloy  system 
fabricated  by  this  method  are  introduced.  The 
mechanisms  of  these  new  types  of  SMAs  are 
discussed  from  flie  view  point  of  metallur^cal 
microstructures,  especiaUy,  crystal  anisotropy 
and  grain  boundary  interface  morphology  in 
the  rapid-solidified  SMAs.  Finally,  in  the  last 
part  of  this  paper,  the  advanced  rapid- 
solidification  process  to  produce  many  kinds  of 
short  fibers  as  well  as  ribbons  is  introduced. 
Based  on  the  above-mentioned  developments, 
harmonic  material  design  of  smart  composite 
system  ,  namely  "Smart  Board"  is  originally 
proposed  by  the  author  in  which  the  stacking 
composite  plate  will  be  made  by  combining 
sensing  by  PZT  grid  film  with  actuating  by 
shape  memory  fibers. 

TECHNOLOGY  STATUS  OF  SOLID 
STATE  ACTUATOR 

It  becomes  more  and  more  important  to 
develop  high  performance  solid  state  actuators 
which  can  be  composed  in  the  host  structure  , 
however,  each  actuator  material  has  a 
individual  feature  due  to  the  material 
mechanism  for  actuation  as  shown  in  Table  1 
,  therefore,  we  should  take  notice  of  the 
features  as  well  as  the  limitation  for 
engineering  application  of  solid  state  actuator 


Table  1  Features  of  three  solid  state  actuator 
materials. 


Solid  State 
Actuator 

Shape 

Memory  Alloy 

Magnetostrict- 
Ive  Material. 

Electrostrictive 

Material 

Stress 

@ 

f-^nOMPal 

O 

o 

Strain 

© 

A—O 

A 

Actuation  Speed 

▼ 

© 

flOOkHxl 

© 

(-lOOkHz) 

Driving  Energy 

▼ 

(Thermal) 

A 

(Magnetic) 

O 

(Electric) 

Small, 

Down  size 

A 

A~0 

O 

Maximum  Temp. 

.  ~700*C 

~300*C 

~200’C 

(General  Properties;  ©excellent ,  O  superior  A  good  Abad) 


(movemant-^rotation  In  the  direction 
of  applied  external  field  (H).} 


Fig. 2 (a)  Schematic  figure  of  domain  movements 
dunng  phase  transformation  of  solid  state  actuator. 


Fig. 2(b)  Concurrent  or  harmonic  material  design 
flow  and  in^rtance  of  interface  science  and 
engineering  for  multi-functional  and  smart 
materials. 
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materials  to  smart  structure  design.  From  the 
view  point  of  material  design  concerning  to 
enhance  the  process  of  phase  transformation, 
the  control  of  following  two  factors  becomes 
important,  i.e.  (1)  control  of  crystalline 
anisotropy  (  i.e.  grain  texture)  and,  (2) 
enhancement  of  the  mobility  and  growth  of  the 
so-called  "domain"  having  almost  same 
physical  property  in  the  microscopically  local 
region.  In  phase  transformation,  domain's 
walls  have  to  move  across  the  interfaces  with 
potential  energy  gap  such  as  grain  boundaries 
and  precipitates  etc.  ,  therefore,  artificial 
interface  design  of  actuator  material  becomes 
essentially  important  to  develop  high 
performance  solid  state  actuator  material  as 
shown  in  Fig. 2.  New  alloy  design  as  well 
as  the  development  of  novel  material  process 
technique  to  change  the  microstructures 
become  very  essential  in  the  future.  Present 
technology  status  ,  recent  research  trend  , 
issues  and  solutions  of  main  solid  state 
actuators  are  summarized  in  Fig. 3  based  on 
'97  DARPA report.  [3] 


Solid  State  Actuators 


nPresent  Technology  Status 

o  Foma  InckidB  vriTB.  lofled  lb«  or  sheet  material 
A  Relath«ly  large  acluatkm  fores  win  high  strain  eulpu  and  (lainpliig  capabilities 
V  laige  hyMresis,  stow  trsquency  response  time  (lew  Hz) 

▼  Operational  parantetera  (e.g.,  tamperetm  and  litne  altamperature,  nurtber 

ol  cycles)  sheet  long'tsnn  durability  c 

O  New  developments:  magneacaly.actuatsd  SMAs  (Heusler  aloyoomposUotB) 

BeetroeMetlve  (E$)  and  Plezoeleetric  fPZ)  Cerntdes 
ORxms  irvdudatNnpiales.nHjltHayer stacks. lnjectfonmyildedshapee.R)ers 
A  Wide  frequency  response  range  (few  Hz  to  many  kHz),  fast  response  time 
(kHz),  and  f^  large  loroe  oulpU 

▼  limited  stran-to-failure  capability 

▼  Temperature  sensitivity  and  non4naar  parfOrmancs  issues  for  ES  earamlcs 
O  New  developmenls:  single  crystal  piezoelectric  oeremica 


O  Forms  Indude  rods  and  mulli-layer  stacks 
A  Relatively  large  force  and  high  strain  capabtklies 
▼extremely  heavy;  magnetic  sliisidng  Issue 
O  New  developments:  textured  tods 

n  Issue 

•  Currently  avalWila  actuators  sW  orders  of  magnitude  Inadequate 

to  address  needs  lor  large  structures  aircraft  wings 

i  i  i 

n  Solutions 

-  New  programs  to  develop  advanced  actuator  materlais 
(aliiyoomposilion  design,  novel  material  processing) 

•  Design  o(  smarter  device  with  less  ensrgyeonsumpdon 

•  New  design  methodologies  for  more  ItaxMe  structures 


Fig. 3  ftesent  technology  status,  issues  and 
solutions  of  solid  state  actuators. 


EXPERIMENT 

Recently,  "Hectro-magnetically  controlled 
nozzleless  melt-spinning  method"  was 
ori^nally  developed  by  the  author  [4]  to 
develop  the  advanced  functional  new  metallic 
materials.  This  method  is  characterized  by 
combining  the  control  of  the  flow  down  of  the 
metal  melts  after  electromagnetic  float-melting 
(i.e.,  levitation)  with  rapid  solidification  by 
high-speed  rotating  roll,  (see.  Fig. 4)  This 
method  enables  to  control  the  metallur^cal 
microstructures  very  much  by  changing  the 
rotating  roll-speed(i.e.,  changing  the  cooling 
rate  of  metals  ),  and  it  enables  to  develop  the 
new  types  of  SMAs  where  various  technical 
diificulties  have  been  existing  for  stable 
production  because  of  its  high  oxidizing 
reactivity,  very  high  temperature  melting  point 
and  brittleness  etc.  as  a  character  of 
intermetallic  compound  of  SMA.  Detailed 
experimental  procedure  for  producing  the 
rapidly  solidified  thin  plates  are  described  in  the 
previous  paper.  [4]  In  this  experiment,  the 
raw  materials  rods  of  three  kinds  of  SMA,  Ti- 


Fig.4  Schematic  figure  of  the  construction  of  the 
proposed  electro-magnetically  controlled  nozzleless 
rapid  solidification  method. 
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50.2at%Ni,  Fe-29.6at%  Pd  and  equiatomic 
Ru-50at%Ta  alloy  were  prepared  by  arc 
melting.  Changing  the  spiral  coil  shape  to 
conical  type  for  making  the  flow  of  melt  more 
slender  and  as  flne  as  possible,  it  became 
possible  to  produce  the  thin  plate  of  SMAs 
whose  tMckness  was  60-150  ^^m,  width 
10~20mm  and  length  150-200mm.  (see, 
Fig.S) 


RESULTS  AND  DISCUSSION 

By  using  this  new  material  processing  method, 
the  author  tried  to  (1)  enhance  the  shape 
memcay  effect  of  the  conventional  TiNI  system 
alloy  and  then,  challenge  to  develop  new  types 
of  SMAs,  (2)  fenomagnetic  shape  memory  Fe- 
Pd  alloy  having  faster  response  time  and  (3) 
Ultra-high  temperature  shape  memory  Ru-Ta 
alloy  having  shape  memory  eflfect  over 
1273K(1000*C).  Our  most  recent  progress  on 
rapid-solidification  technique  for  fabricating 
short  fiber  and  chop  and  their  application  for 
"Smart  Board"  are  separately  described  in  the 
final  part  of  this  paper. 

Improvement  of  Ti-50.2at%  Ni  alloy 

Rapidly  solidified  Ti-50.2at%Ni  alloy 
specimen  has  much  more  intense  crystd 
anisotropy  than  that  of  conventionally 
processed,  melt-worked  sample  as  shown  in 
the  intensity  distributions  of  X-ray  crystal 
orientation  analysis  in  Fig. 6.  Shape  memory 
effect  is  enhanced  in  the  rapidly  solidified  Ti- 
50.2at%Ni  sample  as  shown  in  Fig. 7 
probably  because  the  martensite  domains  can 
move  and  grow  more  easily  over  the  crystal 
grain  boundary. 

Giant  Magnetostriction  in  Rapid- 
solidified  Fe-Pd  Alloy 

The  conventional  SMA  can  exhibit  a  few 
percent  recoverable  strain  by  thermoelastic 
phase  transformation,  however,  a  disadvantage 
of  SMA  actuators  is  tiieir  slow  response 
(maximum  5-lOHz)  due  to  thermal  control, 
especially,  in  cooling  process  and  its  poor 
thermal  energy  conversion.  To  this  problem. 


Fig.S  The  produced  rapid-solidified  melt-spun, 
ferromagnetic  shape  memory  Fe-Pd  thin  plate  and 
an  example  of  me  produced  micro-coU  with 
ductility. 


Fig.6  X-ray  diffraction  analysis  curves  for 
crystal  anisotropy  of  tiie  electromagnetically 
controlled  melt-spun  and  the  conventionally  roll- 
worked  specimen. 


Jempiratur*  T  /  K 


Fig. 7  Comparison  of  shape  memory  effect 
between  the  electro-magnetically  controlled  melt- 
spun  foil  (roll  speed=28m/sec,thickness:^.04mm 
width  3mm)  and  the  conventionally  roll-worked 
thin  plate  (673K,4hr.,  water-quenched  ,  thickness 
0.4mm,  width=4mm)  of  TiNi50.2  (at%)  alloy. 
Each  recovery  strain  vs.  temperature  hysteresis 
curve  was  measured  under  the  stress  of  60MPa. 
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Ullako  et  al  [5]  recently  proposed  a 
ferromagnetic  SMA  having  the  possibility  of 
rapid  actuation  and  large  striction  in  Heusler 
type  NiMnGa  [6]  .  Magnetically  induced 
twin  variants  grow  and  they  are  re-arranged 
along  the  favorable  orientation  to  the  external 
magnetic  field  in  this  new  magnetic  shape 
memory  actuator  material.(see,  Fig. 8)  In 

this  study,  rapidly  solidified  Fe-29.8at%Pd 
alloy  was  developed  [7]  .  From  the  grain 
boundaiy  character  distribution(GBCD)  [8] 
analysis  by  S]^I/EBSP,  this  rapid-solidified 
unique  microstructures  had  strong  crystal  (100) 
plane  anisotropy  by  fine  columnar  grain  as 
well  as  high  frequency  low  energy  (small  X- 
value)  grain  boundaries  which  were  uniquely 
formed  by  electiomagnetically  controlled  rapid- 
solidification  process,  (see,  Fig. 9).  Shape 

memory  effect  was  also  enhanced  by  the 
formation  of  this  unique  microstructure  by 
rapid-solidification.  Magnetostriction  on 
temperatures  in  the  sample(  a  roll- 
speed=28.3m/sec  and  heat  treatment  at  1 173K 
for  1  hour)  had  largest  strain  in  the  samples. 
It  changed  with  increasing  temperature  up  to 
1750  microstrain  at  H=10kOe  at  423K  ^ust 
below  the  inverse  phase  transformation 
temperature  of  445K)  in  this  sample. 
Magnetostriction  remarkably  decreased  within 
about  350  microstrain  at  lOkOe  at  the 
temperature  of  453K  above  As  as  shown  in 
Fig  1 0.  This  value  can  be  anticipatable  data  in 
the  ordinal  ferromagnetic  iron-based  rapid- 
solidified  thin  plate  sample,  therefore,  the 
obtained  maximum  strain  value  at  423K  in  this 
study  is  about  seven  to  ten  times  as  large  as  the 
conventional  iron-based  polycrystalline 
magnetostrictive  material.  In  more  recent,  Dr, 
Wuttig  [9]  of  University  of  Maryland  was 
able  to  re-confirm  the  large  magnetostriction  in 
our  rapid-solidified  and  annealed  Fe-Pd  thin 
foil  sample  with  different  transformation 
temperature  as  shown  in  Fig.  11.  Then, 
rapidly  solidified  ferromagnetic  shape  memory 
Fe-Pd  alloy  has  the  possibility  of  new  type  of 
giant  magnetostrictive  sensor/actuator  at  a 
narrow  range  of  temperature  near  As~Af 
transformation  point,  and  it  has  a  considerable 
ductility  for  making  the  plate  and  coil  etc., 
which  seems  a  technical  merit  for 
intelligent/smart  actuator  production. 


MaittniD* 


Fig. 8  Schematic  figures  of  the  shape  changes  that 
cause  the  strokes  in  (a)  conventional 
magnetostrictive  and  (b)  new  magnetically  driven 
shape  memory  actuator  materials  and  magnetically 
induced  growth  of  the  twin  variants  which  is  in 
favorable  orientation  to  increasing  external 
magnetic  field(H)(5). 


I  C<^tchtefK:«  Boundaiy 

Fin. 9  SEM/EBSP  analysis  for  crystal  orientation 
and  grain  bound^  character  distributions 
(GBCD)  in  rapid-solidified  and  annealed  Fe-Pd . 
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Ultra  High  Temoeratpre  SMA.Ta-Ra 
alloy 


As  one  challenge  for  developing  the 
nltrahigh  temperahue  SMA,  Ru-Ta  alloy 
system  was  tried  by  this  method  because  of  its 
very  high  temperature  melting  point  about  2300 
*C.  From  the  thermal  analysis  using  DSC, 
phase  transformations  seem  to  exist  during 
1 100  and  1200*C  .  It  can  be  confirmed  in  the 
photographs  (see.  Fig.  12)  [4]  by  the  laser 
microscope  observation  that  the  martensite 
twins  disappeared  with  increasing  temperatuie 
above  1000*C,  and  these  twins  again  appeared 
in  the  inverse  cooling  process.  The 
transformation  temperature  with  shape  memory 
effect  experimentally  confirmed  in  this  study 
for  Ru-Ta  alloy  is  remarkably  higher  by  about 
two  times  than  those  of  the  conventionally 
reported  high  temperature  shape  memory 
alloys  of  Ti-Pd,  Ni-Al-Mn  alloy  systems,  (see, 
Fig.  13)  This  Ru-Ta  alloy  would  be  applicable 
to  ultra-high  temperature  turbine  blades  of  high 
efficiency  jet  engine  and  super  heat-resisted 
structural  alloy  such  as  the  tip  material  of  the 
wings  of  aerospace  vehicle  due  to  the  good 
ductility,  toughness  and  mechanical  strength  at 
the  super-high  temperature. 


HARMONIC  MATERIAL  DESIGN 
FOR  SENSOR/ACTUATOR  SMART 
COMPOSITE  SYSTEMS 

Finally,  our  most  recent  approach  for 
rapid-solidification  process  to  produce  many 
kinds  of  short  libers  as  well  as  ribbons  is 
introduced.  In  order  to  fabricate  the  smart 
composite  material  systems,  we  have  to  use  the 
fine  fiber,  chop  and  thin  foil  type 
sensor/actuator  elements  not  only  because  of 
maintdning  the  fitness  between  host  material 
and  embedded  sensor/actuator  elements  ,  but 
also  for  restriction  of  low  volume  fraction  and 
lower  cost  production.  Therefore,  the  author 
have  developed  a  new  type  of  single-roll  rapid- 
solidification  apparatus  as  shown  in  Fig.  14. 

In  this  apparatus,  we  can  get  rapidly  solidified 
thin  foils  by  melt-spinning  on  the  upper  side  of 
rotating  roll  surface  by  using  quartz  nozzle , 


Fig.lO.  Chant  magnetostrictive  strain  just  below 
As  temperature  m  melt-spun  Fe-29.6at%Pd  alloy 

thin  plate(roll-speed=283m/sec,1173K  IHr 

annealing,  AS=436K), 


Rapidly  solidified  FePd  ribbon 


Fig-ll  Relationship  between  magetostrictive 
^nding  displacement  /strain  and  magnetic  field  at 
different  temperature  in  Fe-Pd  ribbon 


lOOK/min  heating 


of  inartermte  twins 
with  increasing 


Fig.  12  Observed  photograoh 
annihilation  of  Ru-Ta  alloy 
temperature  above  1000*C. 
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Strain 


on  the  other  hand,  we  can  also  get  fine  short  fiber  from  lower  side  of  rotating  roll  surface  by 
nozzleless  melt-spinning  separately.(see.Fig.l5)  It  seems  a  merit  that  only  one  power  supply  can 
be  used  for  two  different  materi^  fabrication  processes  for  foils  and  fibers,  and  therefore,  cost- 
reduction  for  fabrication  of  sample  in  rapid-solidification  process  becomes  possible. 

Based  on  the  above-mentioned  developments  such  as  high  performance  shape  memory  alloy  fiber 
and  foils  etc.  by  rapid-solidification  technique  as,  well  as  the  concept  of  harmonic  material  design  for 
smart  composite  system  ,  namely  "Smart  Board"  is  originally  proposed  by  the  author  as  one  of  the 
demonstration  with  smart  systems  in  Japanese  national  research  project  in  which  die  stacking 
composite  plate  will  be  made  by  combining  sensing  by  PZT  grid  film  with  actuating  by  shape 
memory  fibers.  By  using  grid-type  PZT  sensor  array,  visualization  of  internally  stressed,  damaged 
zone  of  aircraft  wing(i.e.body)  onto  PC  monitoring  picture  (CRT)  at  cockpit  will  become  more 
directly  and  easily,  and  shape  recovery  effect  from  SMA  composite  layer  below  PZT  film  is  expected 
to  work  more  locally  and  suddenly  by  direct  current  heating  method  for  SMAs  within  the  locally 
damaged  zone,(see,  Fig.  16).  Many  technical  development  on  sensor/actuator  material  elements  as 
well  as  concurrent  material  fabrication  procedures  will  become  necessary  to  reahze  the  "Smart  Board" 
proposed  here. 
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Fig.  13  Comparison  of  the  transformation 
temperatures  of  high  temperature  shape  memory 
alloys  that  has  been  developed  until  now.  Rapidly 
solidified  Ru-Ta  alloy  shows  more  higher 
temperature  shape  memory  effect  by  about  two 
times  than  the  conventional  elevated-temperature 
shape  memory  Ni-Al-Mn-Fe  alloy. 


lTi49.8Ni50.2  Chop  (30Mm<^)| 
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Fig.  14  New  type  of  melt-spinning  machine  which 
is  possible  for  producing  ribbon,  nber  and  chop. 


Fig.  15  An  example  of  the  produced,  very  fine 
melt-spun TiNi  chops  of  dia=30  fiVA. 


CONCLUSIONS 

Electro-magnetic  nozzleless  melt-spinning  method  was  designed  and  its  equipment  was 
fabricated.  This  method  is  characterized  by  combining  the  control  of  the  flow  down  of  the  molten 


115 


metals  after  electromagnetic  float- 
melting(i.e.  levitation)  with  rapid 
solidiilcation  by  rotating  roll.  The 
metallurgical  grain  microstructures 
can  be  changed  by  rotating  roll 
speed.  The  produced,  intermetalUc 
TiNi  and  NiAl  system  alloy  thin 
plates  showed  the  strong  crystal 
anisotropy, higher  shape  memory 
functional  properties  than  those  of 
the  conventionally  processed  melt- 
worked  samples  having  its  same 
origin.  As  new  SMAs  by  using 
this  method,  ferromagnetic  shape 
memory,  FePd  alloy  having  very 
large  magnetostriction  and  super 
high  temperature  shape  memory, 
RuTa  alloy  having  the 
transformation  over  lOOO'C  were 
developed.  Moreover,  our  recent 
study  on  the  advanced  rapid- 
solidification  machine  to  produce 
many  kinds  of  short  fibers  as  well 
as  ribbons  is  introduced,  finally, 
harmonic  material  design  for 
sensor/actuator  stacking  composite 
system ,  namely  "Smart  Board"  for 
aircraft  structures  is  introduced. 


PZr  Bkctrwle  SMA  Etectrodc 


rriNtAll<7) 


Fig.  1 6  Vertical  technology  transformation 
nwessary  for  designing  smart  material  system 
Smart  Board"  concep^hich  is  applicable  for 
damage  detection  by  PZT  grid  as  well  as  shape 
recovery  by  SMAs  fiber  by  using  sensor/actuator 
stacking  panel.(an  example  for  control  of  shape 
and  self-repair  for  air  craft  wing ) 
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ZERO  HYSTERESIS  IN  SHAPE-MEMORY  TI-NI-X-FILMS  (X  =  CU,  PD)  UNDER 

CONSTRAINT 
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Stiftung  caesar,  Postfach  7025, 53070  Bonn,  Germany 


ABSTRACT 

The  hysteresis  of  thin  film  shape  memory  actuators  affects  the  frequency  of  actuators  switching 
between  martensite  and  austenite.  Therefore  the  hysteresis  properties  of  thin  films  of  TiNi, 
Ti(Ni,Cu)  and  Ti(Ni,Pd)  deposited  onto  metallic  substrates  by  DC-Magnetron  sputtering  have 
been  investigated.  The  substrates  have  different  expansion  coefficients  to  establish  biaxial  tensile 
and  compressive  film  stresses,  respectively.  The  results  show,  that  the  hysteresis  width  is 
significantly  affected  by  the  stress  state  of  the  shape  memory  film  and  in  principal  depends  on 
the  temperature  range  of  measurement.  In  contrast,  the  difference  AfM/  remains  unchanged.  In 
some  alloys  zero  hysteresis  width  could  be  obtained. 

INTRODUCTION 

Shape  memory  alloys  that  base  on  TiNi  are  the  most  common  shape  memory  alloys  mainly 
because  of  their  high  work  output  [1].  Interest  in  shape  memory  thin  film  materials  has 
significantly  increased  since  1990  when  their  potential  as  the  most  powerful  transducer  for 
microactuators  was  recognized  [2].  Applications  realized  so  far  range  from  microfluidic 
components  like  microvalves  [3,4]  and  micropumps  [5]  to  actuators  like  microgrippers  for  use  in 
robotics  [6]. 

Free  standing  TiNi  films  as  well  as  films  mainly  on  Si  substrates  have  been  fabricated  in  general 
by  magnetron  sputtering.  In  addition  to  the  binary  TiNi-films,  Ni/Cu-substitution  was 
investigated  to  reduce  the  transformation  hysteresis  [7]  and  Ni/Pd  substitution  was  used  to 
increase  the  transformation  temperatures  [8]. 

Only  a  few  papers  discuss  the  change  of  film  stress  upon  transformation  in  thin  films  deposited 
onto  different  substrates  [6,9-12],  Therefore,  the  present  paper  presents  the  effect  of  constraint 
on  the  shape  memory  behavior  of  thin  film  composites.  For  this  reason  TiNi-based  films  were 
deposited  either  on  Mo  in  order  to  achieve  a  biaxial  tensile  stress  state  in  the  film  or  on 
Fe72Cri8Niio,  which  results  in  compressive  stress  in  the  films. 

EXPERIMENT 

Ti-Ni,  Ti-Ni-Cu  and  Ti-Ni-Pd  films  have  been  deposited  by  DC-magnetron  sputtering  onto 
unheated  Mo  and  Fe72Cri8Niio  substrates.  Mo  substrates  were  chosen  due  to  their  low  expansion 
coefficient  in  comparison  to  TiNi.  Fe72Cri8Niio  substrates  were  chosen  due  to  their  relatively 
high  expansion  coefficient. 

The  background  pressure  was  below  lO'^  Pa,  the  sputtering  power  400  W.  The  targets  with  a 
diameter  of  75  mm  and  with  the  compositions  Ti55Ni45,  Ti55Ni4oCu5,  Ti55Ni36Cu9, 
Ti55Ni29,2Cui5,8,  Ti55Ni2o,2Cu24.8,  Ti54Ni36Pd9,  Ti54Nii8,4Pd27.6.  Ti54Ni9^Pd36,8  and  Ti54Pd46  were 
fabricated  by  hot-pressing. 

The  films  were  amorphous  in  the  as-deposited  state  and  were  crystallized  at  700°C  for  one  hour 
in  high  vacuum.  Film  thickness  was  determined  by  a  surface  profiler,  the  composition  of  the 
amorphous  films  by  wave  length  dispersive  x-ray  microanalysis  (WDX).  The  transformation 
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temperatures  of  free-standing  films  were  determined  by  differential  scanning  caliometry  (DSC). 
The  relative  film  stress  o  was  determined  from  the  deflection  of  a  cantilever  which  was 
measured  by  a  laser  beam  reflected  at  the  free  end  of  a  cantilever.  It  was  calculated  by 


where  E  is  the  Young’s  modulus,  vis  the  Poisson  number  and  t  the  thickness  while  the  index / 
indicates  the  shape  memory  film  and  ^  the  substrate.  The  absolute  film  stress  was  measured  by 
means  of  a  surface  profiler  at  room  temperature. 

RESULTS 


After  deposition  the  inte^al  stoichiometry  of  the  films  was  Ti52.2Ni47,8,  Ti5i.6Ni43.6Cu4.7, 
T151.7N139.7CU8.6,  Ti5l.8Ni32.lCUi6.l,  Ti52.2Ni22.3CU25.5,  Ti5i.2Ni39.2Pd9.6,  Ti52Nii9.8pd28.2, 

Ti52.2Niio.3Pd37.5  and  Ti49.9Pd5o.i,  respectively.  This  stoichiometry  differs  slightly  from  the 
composition  of  the  concerning  targets.  The  remaining  excess  of  Ti  of  about  2  at.-%  is  necessary 
in  order  to  compensate  the  reduction  of  Ti  in  the  matrix  by  the  formation  of  Ti2(Ni,Cu)  and 
Ti2Pd-precipitates,  respectively. 


Zero  hysteresis  in  composites  with  SMA-films  iind«>r  compressive  stress 


In  recent  reports  it  was  shown,  that  thin  shape  memory  films  deposited  on  Si  or  Mo  substrates 
show  recovery  stresses  between  400  and  600  MPa  [6,9-12].  It  was  found,  that  there  is  a  certain 
hysteresis  width  of  about  10  K  in  Ti(Ni,Cu)-films  which  is  independent  of  the  temperature  range 
of  the  measurement  [12]. 

In  contrast  to  shape-memory  films  under  tensile  stress,  the  shape  memory  films  under 
compressive  stress  exhibit  a  much  smaller  hysteresis  width.  In  some  cases  the  hysteresis  width 
can  be  eliminated  completely  by  a  suitable  chosen  temperature  range  of  measurement.  Figure  1 
and  figure  2  show  two  examples  for  such  composites.  In  figure  1  the  stress-temperature  curve  of 
3  Tisi  8Ni32,iCui6,i-film  on  a  Fe72Cri8Ni  10-substrate  is  depicted.  The  complete  transformation 
between  20°C  and  120°C  shows,  that  the  austenite-start  temperature  is  lower  than  the  martensite 
finish  temperature.  This  exceptional  behavior  allows  the  elimination  of  the  hysteresis  by 
choosing  the  lower  temperature  limit  of  the  measurement  Tu  to  the  martensite  finish  temperature 
as  it  can  be  seen  in  the  second  curve  in  figure  1,  where  is  set  to  40°C. 

In  figure  2  two  stress-temperature  curves  of  a  Ti5i,2Ni39.2Pd9.6-film  on  a  Fe72Cr,8Niio-substrate 
with  different  temperature  ranges  of  measurement  are  depicted.  While  the  curve  with  Tu  =  25°C 
has  a  hysteresis  of  about  4  K,  the  curve  with  =  -4'’C  shows  no  hysteresis. 

The  vanishing  hysteresis  in  thin  films  under  biaxial  compressive  stress  was  predicted  by 
Roytburd  et  al.  for  transformations  from  the  cubic  austenite  to  the  tetragonal  martensite  under  the 
assumption,  that  the  SMA-film  is  a  single  crystal  which  shows  no  volume  change  upon 
transformation  [Roy98]. 

Although  there  is  no  calculation  for  the  transformation  from  the  cubic  austenite  to  the 
orthorhombic  or  monoclinic  martensite  under  biaxial  stresses  up  to  now,  the  consideration  of  the 
interface  energy  between  austenite  and  martensite  with  respect  to  the  compatiblity  of  austenite 
and  martensite  under  tensile  stress  seems  to  be  the  right  basic  approach  for  the  description  of  the 
hysteresis  shape  of  the  martensitic  transformation.  Since  the  compatibility  between  martensite 
and  austenite  depends  significantly  on  the  stress  state,  the  martensite  that  forms  at  the  martensite 
start  temperature  is  different  from  the  martensite  that  forms  at  the  martensite  finish  temperature. 
Furthermore,  since  the  film  stress  increases  upon  further  cooling  while  the  SMA-film  is  in  the 
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martensite  state,  there  is  a  martensite  reorientation  at  temperatures  below  the  martensite  finish 
temperature.  This  change  in  the  film  structure  leads  to  different  stress-temperature  curves  at  the 
reverse  transformation  to  the  austenite  state  and  therefore  to  the  dependence  of  the  hysteresis 
width  on  the  lower  temperature  limit  in  figure  1  and  figure  2. 


0  ’  20  40  ^  80  100  120 

tenqjerature  /  "C 

Figure  1.  Stress-temperature  curve  of  a  2,0  fim  thick 
Ti5i,8Ni32,iCui6.i-layer  on  a  50  (im  tick  Fe72Cr,8Ni,o- 
substrate.  Measurements  with  different  lower 
ten^rature  limits  r„. 
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Figure  2.  Stress-temperature  curve  of  a  3,8  (im 
thick  Ti5i.2Ni39,2Pd9, 6-layer  on  a  50  fim  thick 
Fe72Cri8Niio-substrate.  Measurements  with  different 
lower  temperature  limits 


In  figure  3  there  can  be  seen  a  comparison  between  the  hysteresis  shapes  calculated  by  Roytburd 
et  al.  and  the  stress-temperature  curves,  that  were  measured  by  the  authors.  Although  there  are 
some  differences  in  strain  and  structure,  the  reduction  of  the  hysteresis  width  in  Ti52,2Ni47.8  and 
Ti5i.2Ni39,2Pd9,6  is  significant. 


Properties  of  Ti-Ni-Cu-allovs 

Since  it  is  well  known  that  the  Ni-Cu  substitution  reduces  the  hysteresis  width  of  the 
transformation  [7],  the  hysteresis  was  investigated  both  as  a  function  of  stress  and  of  the  Cu- 
content.  Figure  4  summarizes  the  hysteresis  width  determined  by  stress-temperature 
measurements  in  the  case  of  thin  film  composites  and  DSC  measurements  in  the  case  of  free¬ 
standing  films.  The  results  reveal  that  the  shape  memory  films  under  compressive  stress  show 
the  narrowest  hysteresis  width,  almost  independently  from  the  Cu-content,  while  the  free¬ 
standing  films  exhibit  the  largest  hysteresis  width. 

In  contrast  to  the  hysteresis  width  in  figure  4,  the  temperature  difference  between  austenite-finish 
and  martensite-finish  temperature  in  figure  5  shows  no  dependency  with  respect  to  the  stress 
state.  The  substitution  of  Ni  by  Cu  results  in  a  different  martensite  structure.  In  these 
experiments  Ti52.2Ni47.8  and  Ti5i.6Ni43.6Cu4.7  showed  a  monoclinic  martensite  structure  while 
Ti5i.8Ni32.iCui6.i  and  Ti52.2Ni22.3Cu25.5  were  found  to  have  an  orthorhombic  structure.  However, 
the  main  change  in  hysteresis  properties  happens  between  Ti52.2Ni47.8  and  Ti5i.6Ni43.6Cu4.7. 
Hence,  the  reduction  of  hysteresis  width  of  films  under  compressive  stress  is  not  simply 
connected  with  the  symmetry  of  the  crystallographic  structure. 
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Figure  4.  Hysteresis  width  zir  of  2  /im  Ti-Ni-Cu-  Figure  5.  ArMf  of  2  fim  Ti-Ni-Cu-films  on  50  fim 
films  on  50 /im  Fe72Cri8Niio  and  on  50  fim  Mo-  FeyaCrigNiio  and  on  50;tm  Mo-substrates  and  for 
subsfrates  and  for  comparison  AT  of  free-standing  comparison  Af-Mf  of  free-standing  Ti-Ni-Cu-films 
Ti-Ni-Cu-films  with  a  thickness  of  10  fim.  with  a  thickness  of  10  fim. 


120 


Properties  of  Ti-Ni-Pd-allovs 


In  order  to  clarify  the  hysteresis  behavior  of  Ti-Ni-Pd  films  under  constraint,  Ti5i.2Ni39.2Pd9.6, 
Ti52Nii9.8Pd28.2,  Ti52.2Niio.3Pd37.5  and  Ti49.9Pd50.i -films  with  a  thickness  of  about  5  iim  onto  Mo 
and  Fe72Cri8Niio-substrates  have  been  investigated.  Stress-temperature  curves  of  these 
composites  have  been  published  recently  [12]. 

Figure  6  shows  the  hysteresis  width  and  figure  7  the  temperature  difference  between  between 
austenite-finish  and  martensite-finish  temperature  of  free-standing  films  and  SMA-films  on  Mo 
and  on  Fe72Cri8Niio-substrates.  The  reduction  of  the  hysteresis  width  in  films  under  constraint  is 
comparable  to  the  behavior  of  the  Ti-Ni-Cu-films  in  figure  4.  However,  the  reduction  of  the 
hysteresis  width  cannot  be  found  in  films  with  about  37  at.  %  Pd.  The  effect  seems  to  be  limited 
to  alloys  with  lower  Pd  contents.  One  reason  might  be  the  lower  film  stress  in  Ti-Ni-Pd-films 
with  higher  Pd  content,  since  in  these  films  the  temperature  difference  between  annealing 
temperature  and  martensite  start  temperature  is  comparably  low.  Furthermore,  the  volume 
change  upon  transformation  is  higher  in  alloys  with  higher  Pd  content. 
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Figure6.  Hysteresis  width  dr  of  4-5 /im  Ti-Ni-Pd-  Figure  7.  ArM/  of  4-5 /im  Ti-Ni-Pd-films  on 
films  on  50  pim  Fe72Cri8Niio  and  on  50  /im  Mo-  50  /im  Fe72Cri8Niio  and  on  50  /im  Mo-substrates 
substrates  and  for  comparison  AT  of  free  Ti-Ni-Pd-  and  for  comparison  AfMf  of  free  Ti-Ni-Pd-films 
films  with  a  thickness  of  10  /im.  with  a  thickness  of  10  /im. 

Remarkable  is  the  relative  low  hysteresis  width  of  the  Ti5i.2Ni39.2Pd9.6  in  comparison  to  binary 
Ti52.2Ni47.8-film.  Since  the  hysteresis  is  completely  above  room-temperature  in  Ti51.2Ni39.2Pd9.6- 
films  under  constraint,  these  Ti5i.2Ni39.2Pd9.6/Mo  and  Ti5i.2Ni39.2Pd9.6/  Fe72Cri8Ni  10-composites 
are  suitable  to  be  used  in  applications,  that  require  complete  martensite  at  room  temperature  and 
complete  austenite  clearly  below  100°C  together  with  a  small  hysteresis  of  only  5  K. 

The  temperature  difference  AfMf  of  the  Ti-Ni-Pd  films,  that  are  depicted  in  figure  7,  remain 
independent  of  the  constraint  in  agreement  to  the  results  obtained  for  the  Ti-Ni-Cu  films  depicted 
in  figure  5. 

CONCLUSIONS 

Shape  memory  films  of  Ti-Ni,  Ti-Ni-Cu  and  Ti-Ni-Pd  under  constraint  show  smaller  hysteresis 
width  then  free-standing  films,  while  the  difference  between  austenite-finish  and  martensite- 
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finish  temperature  AfMf  remains  constant.  The  smallest  hysteresis  width  was  found  in  films 
under  compressive  stress. 

The  reduction  of  the  hysteresis  width  is  in  principal  not  connected  with  the  symmetry  of  the 
martensitic  crystallographic  structure.  Monoclinic  and  orthorombic  martensite  show  the  same 
reduction  of  AT.  The  obtained  results  are  in  general  agreement  to  the  theoretical  predictions  of 
the  shape  memory  transformation  under  stress  by  Roytburd  et  al.  [13]  although  the  model 
assumes  single  crystals  with  a  tetragonal  martensitic  phase  while  the  films  are  polycrystalline 
with  a  monoclinic  and  orthorhombic  martensite  structure. 
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ABSTRACT 

The  mechanical  fatigue  life  and  tensile  property  of  a  Ti-41at.%Ni-8.5at.%Cu  alloy,  which 
was  solution-treated  after  some  thermo-mechanical  treatments,  were  investigated  at  370±1  K  as 
a  function  of  deformation  speed.  The  tensile  properties  were  also  investigated  at  295±1  K  as  a 
function  of  deformation  speed.  The  B2-^B  1 9  martensitic  transformation  start  temperature,  Ms, 
of  the  alloy  was  determined  to  be  338  K  by  a  differential  scanning  calorimetry,  while  that  of  the 
as-rolled  alloy  could  not  be  determined.  Two  types  of  fatigue  tests  were  carried  out  by  using 
plate-shaped  specimens  of  3.5  mm  width  and  1.5  mm  thickness  with  sinusoidal  waveform 
stresses  of  20  Hz  and  0.5  Hz  frequencies  being  applied  respectively.  The  fatigue  life  obtained 
from  the  20  Hz  tests  was  superior  to  that  from  the  0.5  Hz  tests,  the  former  being  about  2  times 
longer  than  the  latter  at  the  same  stress  level.  Tensile  tests  were  performed  at  three  tensile 
speeds  of  8.3  x  lO"^,  8.3  x  10'^  and  8.3  x  10'^  m/s.  In  all  the  stress  -  strain  curves  obtained,  an 
apparent  yielding  was  observed  after  the  liner  elastic  deformation.  The  apparent  yielding  is  due 
to  the  occurrence  of  martensitic  transformation.  The  critical  stress  for  inducing  martensite  and 
tensile  fracture  stress  increased  with  increasing  tensile  speed.  Therefore,  it  is  clear  that  fatigue 
and  tensile  properties  of  Ti-Ni-Cu  shape  memory  alloys  are  strongly  affected  by  not  only  test 
temperature  but  also  deformation  speed. 


INTRODUCTION 

Ti-Ni  shape  memory  alloys  (  SMAs  )  are  excellent  in  high  temperature  mechanical 
properties,  heat  and  mechanical  cycle  lives  and  corrosion  resistance,  compared  with  other  kinds 
of  SMAs  [1].  The  Ti-Ni  SMAs  are  expected  to  be  applied  to  actuators  of  micro-machines, 
micropump  for  an  artificial  kidney  machine,  etc.  [2].  In  a  previous  paper  [3],  the  tensile  and 
fatigue  properties  were  investigated  for  a  solution  treated  Ti-41at.%Ni-8.5at.%Cu  SMA,  and  it 
was  reported  that  tensile  deformation  behavior  and  fatigue  characteristics  were  influenced  by  test 
temperature.  These  research  results  were  similar  to  those  for  the  binary  Ti-Ni  SMAs  reported 
by  Melton  and  Mercier  [4]. 

Although  many  investigators  have  reported  the  mechanical  properties  of  Ti-Ni  SMAs[l][5], 
there  was  no  mention  about  the  influence  by  deformation  speed.  It  is  then  very  interesting  to 
know  whether  the  tensile  and  fatigue  characteristics  of  SMAs  are  affected  by  deformation  speed. 
Inflection  points  caused  by  the  reorientation  of  the  martensite  (  Mf  >  T  (  test  temperature  )  ), 
pseudoelasticity  (  Af  <  T  )  and  plastic  deformation  are  observed  on  stress  -  strain  curves,  and 
these  phenomena  are  expected  to  depend  on  the  deformation  speed.  In  the  present  paper, 
tensile  and  fatigue  properties,  of  the  previously  investigated  solution-treated 
Ti-41at.%Ni-8.5at.%Cu  alloy,  are  examined  as  a  function  of  deformation  speed. 


123 

Mat.  Res.  Soc.  Symp.  Proc.  Vol.  604  ©  2000  Materials  Research  Society 


EXPERIMENTAL  PROCEDURE 


Material 


The  Ti-Ni-Cu  alloy  tested  was  prepared  by  high-frequency  vacuum  induction  melting,  its 
chemical  composition  being  Ti-41at.%Ni-8,5at.%Cu.  The  ingot  was  subjected  to  repeated 
cold-rolling  and  annealing,  and  plates  with  100  mm  length,  20  mm  width  and  5  mm  thickness 
were  supplied  for  the  present  work. 

Tensile  and  Fatigue  Tests 

Specimens  for  tensile  and  fatigue  tests  were  cut  into  plates  having  the  shape  of  Z  (  active 
gauge  length  )  =  2.0  mm,  w  (  width  )  =  3.5  mm  and  t  (  thickness  )  =  1.5  mm  from  the  above 
mentioned  plates  by  using  an  electric  discharge  machine.  The  plate-shape  specimens  were  then 
solution-treated  at  1123  K  for  1.8  ks,  and  were  lightly  polished  with  alumina  powder  in  order  to 
remove  a  thin  oxide  surface  layer. 

Tensile  properties  at  295+1  and  370+1  K  were  examined  by  using  a  computer  controlled 
material  testing  machine  (  JT  Toshi  SC-200M  ),  the  tensile  speed  being  8.3x10'^,  8.3x10’^  and 
8.3xl0'  m/s.  Fatigue  lives  at  370+1  K  were  evaluated  under  a  tension-unloading  mode  of  a 
sinusoidal  waveform  with  the  frequency  of  0.5  or  20  Hz  by  using  a  computer  controlled 
servo-hydraulic  type  machine  (  JT  Toshi  SVF-200/25-CPU  ).  The  stroke  speeds  in  the  fatigue 
tests  at  0.5  and  20  Hz  were  nearly  equivalent  to  the  tensile  speeds  of  8.3x10’^  and  8.3x10’^  m/s 
in  the  tensile  test,  respectively.  A  high  resolution  fractography  was  applied  to  the  fatigue 
fracture  surfaces  by  using  a  scanning  electron  microscope  with  a  field  emission  electron  gun 
(  Hitachi  S-4200  ). 


RESULTS  AND  DISCUSSION 
Transformation  Behavior 


Crystal  structure  of  the  Ti-Ni-Cu  alloy  at  295  K  was  analyzed  by  an  X-ray  diffractometer 
fitted  with  a  graphite  monochromator  (  Rigaku  RINT  2400  ),  and  the  X-ray  diffraction 
measurement  was  made  using  Cu-Ka  radiation.  A  typical  X-ray  diffraction  pattern  is  shown  in 
Figure  1 .  Many  sharp  diffraction  peaks  are  observed,  and  these  peaks  are  well  indexed  with  the 
standard  diflfaction  peaks  of  orthorhombic  Ti-Ni-Cu  [6]  and  monoclinic  Ti-Ni  [7] 

Martensitic  transformation  behavior  of  the  solution-treated  specimen  was  examined  by 
differential  scanning  calorimetry  (  Shinku-Riko  MTS9000  ).  In  the  DSC  curve,  only  one  peak 
is  clearly  observed  on  the  cooling  and  heating  curves.  Similar  results  have  been  reported  by 
Shugo  et  al.  [8]  and  Nam  et  al  [9].  According  to  the  report  [9],  DSC  peaks  for  the  B19  o  B 19’ 
transformations  are  very  diffuse  and  almost  indiscernible,  whereas  those  for  the  B2  ^  B19 
transformations  are  very  sharp  and  clear.  Therefore,  the  clear  DSC  peaks  were  concluded  to 
mainly  be  due  to  the  B2  o-  B 1 9  transformation.  Start  and  finish  temperatures  of  the  B2  ->  B 1 9 
and  reverse  transformation  were  determined  to  be  Ms  =  338  K,  Mf  =  323  K,  As  =  340  K  and  Af  = 
356  K.  DSC  measurement  for  the  as-rolled  plate-shaped  alloy  before  the  solution-treatment 
was  also  made  to  observe  the  transformation  behavior.  Its  DSC  curve  was  so  diffuse  that 
transformation  temperatures  could  not  be  determined. 

Referring  to  Figure  1  and  Ref  [9],  mechanical  deformation  characteristics  of  the  B2  matrix 
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Diffraction  angle  20  ,  deg 

Figure  1  X-ray  diffraction  profile  obtained  from  a  solution-treated  Ti-Ni-Cu  alloy  at  295  K. 


Figure  2  Stress  -  strain  curves  plotted  for  a  solution  treated  Ti-Ni-Cu  alloy  at  295+1  K 
and  370±1  K.  Tensile  speeds  are  8.3x10*^,  8.3x10*^  and  8.3x10'^  m/s  for 
both  the  temperatures. 

phase  were  examined  at  370±1  K  and  those  of  the  B19  +  B19’  martenstic  composite-phases 
were  at  295±1  K. 

Influence  of  Tensile  Speed  on  Tensile  Properties 

Stress  -  strain  curves  for  the  solution-treated  alloy  were  run  at  370+1  K  and  295+1  K,  and 
they  are  shown  in  Figure  2.  As  seen  from  the  figure,  the  tensile  deformation  behaviors  are 
strongly  affected  by  test  temperature,  as  previously  reported  [3],  The  curve  obtained  at  370±1 
K  consists  of  an  elastic  deformation  of  the  matrix  phase  and  an  elongation  due  to  the 
stress-induced  martensitic  transformation.  The  curve  obtained  at  295±1  K  is  divided  into  four 
stages,  an  elastic  deformation  of  existing  martensite,  an  elongation  due  to  the  reorientation  of 
martensite  variants  and  two  stages  of  plastic  deformation.  All  the  values  of  inflection  stresses 
on  the  stress  -  strain  curves  obtained  at  both  test  temperatures  also  increased  with  increasing 
tensile  speed. 

It  is  generally  known  that  the  temperature  of  a  deformed  specimen  increases  when  the 
deformation  speed  is  increased,  because  of  the  increase  in  internal  friction.  On  the  other  hand, 
Saburi  et  al.  [10]  reported  that  stress  -  strain  curves  of  binary  Ti-Ni  and  ternary  Ti-Ni-Cu  alloys 
are  affected  by  test  temperature.  According  to  the  report  [10],  the  0.5%  off  set  yield  stress 


125 


versus  temperature  curves  indicated  that  the  yield  stress  exhibits  a  minimum  value  at  a 
temperature,  which  corresponds  nearly  to  Ms.  Above  the  Ms,  the  yield  stress  increased  linearly 
with  increasing  test  temperature,  and,  below  the  Ms,  it  increased  with  decreasing  test  temperature. 
However,  the  increase  of  the  inflection  stress  observed  in  Figure  2  is  considered  not  to  be  due  to 
the  increase  of  specimen  temperature  during  the  tensile  tests,  because  the  time  required  to  plot 
the  stress  -  strain  curve  at  the  tensile  speed  of  8.3x10*^  m/s  was  only  a  few  seconds.  It  is 
believed  that  the  deformation  resistance  increases  with  increasing  deformation  speed,  resulting 
in  the  increase  of  inflection  stress. 


Influence  of  Frequency  on  Fatigue  Life 


Figure  3  shows  the 
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surfaces  obtained  in  fatigue  tests  at  Number  of  cycles  to  failure 

frequencies  of  0.5  and  20  Hz.  Figure  3  Maximum  stress  and  maximum  strain  versus 
me  morphology  of  the  fatigue  the  number  of  cycles  to  failure  when  a 

fracture  surface  was  very  similar  solution-treated  Ti-Ni-Cu  alloy  was  subjected 

for  both  frequencies.  A  fatigue  to  20  and  0.5  Hz  fatigue-tests, 

crack  grows  within  crystal  grains 

since  the  flat  area  surrounded  by  grain  boundaries  ( indicated  with  white  lines  in  Figure  4  )  was 
recognized  in  the  macro  SEM  photographs.  Striation  patterns  are  observed  clearly,  and  the 
crack  growth  rates,  6I/dN,  were  measured  from  these  striation  patterns.  Figure  5  shows  the 
relation  between  the  fatigue  crack  growth  rate,  d//dA^,  and  stress  intensity  factor  range,  AK.  AK 
for  the  plate  shape  specimen  was  calculated  by  using  the  following  equations  [11]: 


Figure  3 


10^  10^  10®  10^ 
Number  of  cycles  to  failure 

Maximum  stress  and  maximum  strain  versus 
the  number  of  cycles  to  failure  when  a 
solution-treated  Ti-Ni-Cu  alloy  was  subjected 
to  20  and  0.5  Hz  fatigue-tests. 


AK  =  A(j4^-1  •  F{^) 
Ffe)  =  0.265. (1-1)% 
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Figure  4  Scanning  electron  micrographs  taken  of  fatigue  fracture  surfaces  fatiuge-tested  at 
cTmax  =  300  MPa  under  0.5  and  20  Hz  (  macroscopic  fatigue  crack  growth  direction 
is  from  the  left  to  the  right  ). 


where  Aa  is  the  algebraic  difference 
between  the  maximum  and  minimum 
stresses  on  the  remaining  ligament  area  in 
one  cycle,  /  the  crack  length,  w  the 
specimen  width  and  ^  the  value  of  l/w. 
For  the  same  value  of  the  stress  intensity 
factor  range,  AK,  dl/dN  values  are 
equivalent  for  the  two  test  frequencies 
within  experimental  error.  In  this  figure, 
the  d//dA^  values  which  were  obtained  from 
CCT  (  center  cracked  tension  )  type 
specimens  [12]  of  the  as-rolled  alloy  are 
also  indicated  as  well  as  those  in  the 
previous  work  [3].  The  d//dA^  values 
estimated  from  the  striation  patterns  are 
nearly  equal  to  those  obtained  from  the 
CCT  specimens.  It  appears  therefore  that 
the  crack  growth  rate  is  not  influenced  by 
test  temperature  and  deformation  speed  in 
the  high  stress  intensity  factor  region. 


AK , 


Figure  5  Relation  between  crack  growth  rate 
and  stress  intensity  factor  range. 
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CONCLUSIONS 


The  main  results  obtained  are  summarized  as  follows  ; 

(1)  The  stress  values  of  inflection  points,  which  were  caused  by  the  reorientation  of 
martensite,  pseudoelasticity  and  plastic  deformation,  on  the  stress  -  strain  curves  observed  at 
295±1  and  370±1  K  increased  with  increasing  tensile  speed. 

(2)  Fatigue  behavior  at  370±1  K  was  affected  by  deformation  speed  above  Omax  «  275  MPa, 
which  is  comparable  to  the  estimated  stress  for  inducing  martensite  in  the  tensile  tests.  The 
fati^e  life  obtained  at  20  Hz  was  about  2  times  longer  than  that  at  0.5  Hz,  referring  to  the 
maximum  stress  versus  the  number  of  cycles  to  failure  curve. 

(3)  Macro  SEM  observations  showed  that  the  morphology  of  the  fatigue  fracture  surface 
obtained  in  the  20  Hz  fatigue  test  was  very  similar  to  that  obtained  in  the  0.5  Hz  fatigue  test.  A 
fatigue  crack  was  considered  to  grow  within  crystal  grains  since  the  flat  area  surrounded  by 
grain  boundaries  was  recognized. 

(4)  Striation  patterns  were  clearly  observed  on  the  fatigue  fracture  surfaces  obtained  from  the 
20  and  0.5  Hz  fatigue  tests,  and  the  crack  growth  rates,  dl/dN,  were  estimated  from  these 
striation  patterns.  Crack  growth  rates  for  both  deformation  speeds  were  equivalent  for  the  same 
value  of  the  stress  intensity  factor  range  within  experimental  error. 
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ABSTRACT 

Polycrystalline  NiTiHf  films  with  around  9at%  Hf  have  been  successfully  deposited  from  a 
single  NiTiHf  target  using  a  DC  magnetron  sputtering  system.  Free  standing  films  were  obtained 
by  depositing  the  films  on  single  crystal  silicon  substrates.  Thickness  of  the  films  was  controlled 
between  10-12fim.  In  this  investigation,  the  effects  of  deposition  temperature  on  the  crystallinity 
and  transformation  temperatures  of  the  films  were  studied.  Substrate  temperature  during 
deposition  was  varied  between  300®C  and  700°C  at  100°C  intervals.  The  influence  of  heat 
treatment  temperature  on  the  properties  of  the  films  was  also  investigated.  The  heat  treatment 
temperature  was  between  300°C  and  800°C  at  100®C  intervals.  Transformation  temperatures  of 
these  films  were  determined  by  differential  scanning  calorimetry  (DSC).  The  crystallinity  was 
determined  using  x-ray  diffractometry.  It  was  found  that  all  the  as-deposited  films  were 
crystalline  even  when  the  substrate  temperature  was  as  low  as  300®C.  Both  martensite  and 
austenite  transformation  temperatures  increase  with  increasing  substrate  temperature  and 
increasing  heat  treatment  temperature. 

INTRODUCTION 

Shape  memory  alloy  (SMA)  thin  film  is  found  to  have  great  potential  for  applications  in 
microelectromechanical  systems  (MEMS)  due  to  its  high  output  strain  and  high  output  stress. 
However,  the  development  of  thin  film  shape  memory  alloy  is  still  in  its  infancy.  Knowledge  of 
thin  film  shape  memory  alloys  is  very  limited  and  remains  at  the  research  level.  Early  study  of 
shape  memory  effect  in  NiTi  thin  films  was  reported  by  Busch  et  al.  in  1990  [1].  Since  then, 
many  studies  have  been  conducted  in  this  area  and  most  have  been  focused  on  NiTi  thin  films. 
However,  the  application  operating  temperature  is  not  ideal  for  NiTi.  Normally  it  is  limited  to  a 
temperature  of  60°C  and  lower.  Microactuators  capable  of  operating  at  higher  temperature  are 
desired.  Therefore,  high  temperature  ternary  NiTiX  shape  memory  thin  films  become  more 
important. 

Early  in  1995,  Johnson  et  al.  published  their  first  attempt  with  NiTiHf  SMA  thin  films  [2]. 
High  temperature  NiTiHf  thin  films  were  successfully  made  by  adding  extra  Hf  to  the  surface  of 
a  target.  Two  years  later,  Miyazaki  et  al.  published  their  first  study  with  high  temperature  NiTiPd 
SMA  thin  films  [3].  Since  then,  no  additional  studies  in  this  area  have  been  reported. 

In  this  investigation,  NiTiHf  thin  film  is  selected  for  study  from  a  cost  point  of  view  and  also 
considering  our  previous  experience  with  bulk  NiTiHf  alloys.  In  early  1999,  Zhang  et  al.  showed 
that  deposition  temperature  and  heat  treatment  temperature  have  a  significant  influence  on  the 
transformation  of  NiTi  SMA  films  [4].  This  raises  a  question:  Do  heat  treatment  and  deposition 
temperature  also  affect  the  properties  of  thin  film  NiTiHf  and  in  what  way?  This  study  will 
concentrate  on  understanding  the  influence  of  these  processing  parameters  on  the  transformation 
temperatures  and  crystal  structures  of  Ni-depleted  (<  50at%  Ni)  NiTiHf  thin  films. 
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EXPERIMENTAL  SETUP 


Ni  depleted  NiTiHf  thin  films  were  deposited  from  a  single  NiTiHf  target  using  a  DC 
magnetron  sputtering  system.  A  cryogenic  pump  was  used  to  reach  the  base  pressure  of  5x10'^ 
ton-  to  prevent  contamination  from  the  environment.  The  NiTiHf  SMA  target  was  electrical 
discharge  machined  from  an  ingot  which  was  arc  melted  and  then  homogenized  at  900°C  for  100 
hours  by  Johnson  Controls,  Inc.  The  composition  of  the  target  is  N^zT^sHfio  (atomic  ratio)  and 
its  diameter  is  2  inches  (5.08cm).  Single  crystal  silicon  wafers  were  used  as  the  substrate.  The 
distance  between  substrate  and  target  was  45mm.  During  the  sputtering,  sputtering  power  was 
maintained  at  250  watts,  ultra  pure  argon  gas  (99.9996%  spectroscopic  grade)  was  used  as  the 
working  gas,  and  the  working  pressure  was  maintained  at  1.2x10'^  torr.  The  substrate  was  heated 
with  a  Boraletric  heater  and  was  monitored  with  a  chromel-alumel  thermocouple  in  contact  with 
the  substrate  heater,  which  is  in  intimate  contact  with  the  silicon  substrate.  Five  elevated 
substrate  temperatures  (Ts)  were  selected  (300®C,  400°C,  500°C,  600®C  and  700®C).  The  final 
thickness  of  the  thin  films  is  between  10-1 2p.m. 

After  deposition,  the  films  were  peeled  from  the  silicon  surface  and  cut  into  pieces  for  heat 
treatment  (HT).  The  heat  treatment  was  done  in  an  electron  beam  furnace.  During  heat  treatment, 
the  vacuum  was  maintained  at  around  5x10'^  ton*  to  minimize  oxidation.  A  K-type  thermocouple 
was  used  to  measure  the  temperature.  Six  different  heat  treatment  temperatures  ranging  from 
300°C  to  800°C  at  100°C  intervals  were  selected.  All  samples  were  heat  treated  for  one  hour. 

Crystallinity  of  the  samples  was  determined  using  x-ray  diffractometry  at  room  temperature. 
Transformation  temperatures  of  all  the  samples  were  measured  by  differential  scanning 
calorimetry  (DSC)  using  TA  Instruments  model  2920  DSC  test  equipment.  Sample  weight  was 
around  Img.  The  cooling  and  heating  rate  during  the  DSC  run  was  10°C/min. 

RESULTS 

A  typical  DSC  curve  of  NiTiHf  thin  film  is  shown  in  figure  1.  This  DSC  curve  is  obtained 
from  a  NiTiHf  film  sputter  deposited  at  500°C  and  then  heat  treated  at  800°C  for  1  hour.  During 
cooling,  austenite  (A)  transforms  to  martensite  (M)  and  martensite  transforms  back  to  austenite 
upon  heating.  Mp  and  Ap  refer  to  the  peak  temperatures  of  A  to  M  and  M  to  A  respectively. 

Different  from  binary  NiTi,  NiTiHf  containing  9at%  Hf  shows  only  a  transformation  to 
martensite  during  cooling  and  no  R-phase  is  observed.  However,  retained  austenite  was  observed 
at  room  temperature  in  films  deposited  on  a  low  temperature  substrate  and  heat  treated  at  low 
temperatures.  An  example  is  shown  in  figure  2.  The  film  was  deposited  on  a  300®C  substrate  and 
then  heat  treated  at  400‘’C  for  1  hour.  During  the  cooling,  austenite  starts  to  transform  to 
martensite.  Due  to  the  low  transformation  temperature  of  this  film,  the  transformation  was  not 
completed  which  results  in  retained  austenite  at  room  temperature.  With  further  cooling,  the 
austenite  continues  to  transform  to  martensite.  As  a  result,  several  peaks  were  observed  during 
the  cooling.  Upon  heating,  only  one  broad  peak  can  be  observed  where  all  of  the  martensite 
transforms  to  austenite.  The  existence  of  retained  austenite  at  room  temperature  is  also  verified 
by  x-ray  diffraction  patterns  as  shown  in  figure  3. 

Figure  3  is  the  x-ray  spectrum  for  NiTiHf  film  deposited  on  a  300°C  substrate  followed  by 
heat  treatment  at  400°C  for  1  hour.  In  this  spectrum,  both  austenite  and  martensite  peaks  are 
revealed.  At  room  temperature,  the  dominating  peaks  with  the  highest  intensity  are  identified  as 
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Figure  1.  Typical  DSC  curve  of  NiTiHf  film 
deposited  at  500®C  followed  by  heat  treatment 
at  800®C  for  1  hour. 
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Figure  2.  DSC  curve  of  NiTiHf  film 
deposited  at  300°C  followed  by  heat 
treatment  at  400°C  for  1  hour. 


austenite  (110)  and  austenite  (200).  With  increasing  heat  treatment  temperature  or  substrate 
temperature,  the  martensite  transformation  temperature  increases.  As  a  result,  the  completion  of 
the  marteniste  transformation  occurs  above  room  temperature  and  less  retained  austenited  is 
observed.  Figure  4  shows  the  x-ray  spectrum  for  NiTiHf  film  deposited  at  500°C  followed  by 
heat  treatment  at  SOO^’C.  In  this  figure,  no  austenite  phase  is  observed.  Instead,  the  film  is 
dominated  by  martensite  with  a  nonsymmetric  monoclinic  structure.  This  corresponds  well  with 
the  DSC  results  shown  in  figure  1  where,  at  room  temperature,  austenite  is  completely 
transformed  to  martensite. 


In  figure  4,  second  phase  (TiHf)2Ni  and  Ti  dioxide  (TiaO)  are  also  observed  in  addition  to  the 
martensite  structure.  It  is  found  that,  with  increasing  deposition  temperature  or  increasing  heat 
treatment  temperature,  more  second  phase  is  found.  The  evolution  of  the  second  phase  (TiHOzNi 
is  believed  to  play  an  important  role  in  the  shape  memory  behavior  of  NiTiHf  thin  films,  TizO  is 
only  found  in  the  film  deposited  on  a  very  high  temperature  substrate  (700°C)  or  heat  treated  at 
temperatures  higher  than  700®C.  No  significant  effect  to  the  shape  memory  properties  of  these 
films  is  attributed  to  TiOz-  It  is  believed  that  the  amount  of  TizO  is  very  small. 


Dependence  of  A  ->  M  and  M  ->  A  transformation  on  deposition  temperature  and  heat 
treatment  temperature  was  also  studied.  The  results  are  shown  in  figures  5a  and  5b.  In  both 
figures,  Mp  and  Ap  increase  with  increasing  deposition  temperature  and  heat  treatment 
temperature  and  tend  to  reach  the  same  value  when  the  heat  treatment  temperature  is  SOO^C.  It  is 
obvious  that  heat  treatment  temperature  affects  the  films  more  when  the  films  are  deposited  at  a 
lower  substrate  temperatures.  With  increasing  substrate  (deposition)  temperature,  both  A  M 
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and  M  ^  A  transformation  temperatures  become  less  affected  by  heat  treatment  temperature.  For 
films  deposited  on  a  700°C  substrate,  their  transformation  temperatures  are  insensitive  to  heat 
treatment  temperature. 
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Figure  3.  X-ray  spectrum  of  NiTiHf  film 
deposited  at  followed  by  HT  at  400°C 
for  1  hour  showing  both  martensite  and  retained 
austenite  structure  at  room  temperature. 
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Figure  4.  X-ray  spectrum  of  NiTiHf  film 
deposited  at  500°C  followed  by  HT  at 
800°C  for  1  hour  showing  only  a  martensite 
structure  at  room  temperature. 
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Figure  5.  Dependence  of  martensite  (a)  and  austenite  (b)  transformation  temperatures  on 
deposition  temperature  and  heat  treatment  temperature.  (*  refers  to  the  film  deposited  from  a 
different  target,  but  same  ingot) 


DISCUSSION 


Results  from  the  x-ray  and  DSC  studies  show  that  NiTiHf  film  containing  9at%  Hf  does  not 
have  a  R-phase  transformation.  This  corresponds  well  with  previous  studies  [5,  6],  In  Zhang’s 
earlier  work  with  low  Hf  content  NiTiHf  SMAs,  it  is  shown  that  increasing  Hf  content 
suppresses  the  transformation  to  R-phase.  Less  R-phase  is  observed  when  the  Hf  concentration 
increases  from  lat%  to  3at%.  Therefore,  it  was  expected  in  this  study  that  no  R-phase  would  be 
observed  in  the  NiTiHf  thin  films.  The  results  from  this  study  are  a  continuous  proof  of  the 
suppression  of  R-phase  with  Hf  presence. 

From  the  x-ray  study,  it  is  shown  that  with  increasing  deposition  ternperature  and  heat 
treatment  temperature,  the  phase  structure  of  NiTiHf  thin  film  evolves  from  retained  austenite  at 
room  temperature  to  martensite.  Both  cubic  austenite  (figure  3)  and  monoclinic  martensite 
(figure  4)  are  identified  by  x-ray  diffraction  based  on  the  fact  that  they  have  distinctive  patterns 
and  the  Miller  indices  can  be  easily  matched  with  these  patterns.  The  evolution  from  austenite  to 
martensite  can  be  easily  interpreted  from  the  DSC  results.  In  figure  5a,  it  is  obvious  that  with 
increasing  deposition  temperature  and  heat  treatment  temperature,  the  martensite  transformation 
temperature  increases.  Consequently,  less  retained  austenite  is  detected  from  the  x-ray  diffraction 
pattern  at  room  temperature. 

For  the  NiTiHf  films  investigated,  the  as-coated  films  are  all  crystalline  even  when  the 
deposition  temperature  is  as  low  as  300°C.  Both  martensite  and  austenite  transformation 
temperatures  are  found  to  increase  with  increasing  deposition  temperature  as  shown  in  figures  5a 
and  5b.  This  is  related  to  the  thin  film  growth  process  [7].  During  the  deposition,  argon  ions 
bombard  the  target  and  knock  out  the  atoms,  ions  or  clusters  from  the  target.  These  species  are 
deposited  on  the  substrate,  interact  with  each  other  and  form  large  clusters.  Clusters  grow  by 
colliding  with  incoming  species  and  form  nuclei.  By  continuous  growth,  nuclei  become  small 
islands.  Large  islands  grow  by  small  island  coalescence  and  eventually  form  a  continuous  film. 
During  the  growth,  grain  boundaries,  point  defects,  dislocation  lines  can  not  be  avoided  in  the 
film  due  to  the  mismatch  of  geometrical  configurations  and  different  crystallographic 
orientations.  These  defects,  especially  dislocations,  probably  influence  the  transformation 
temperatures  of  the  shape  memory  alloys.  Previous  studies  show  that  increasing  dislocation 
density  with  cold  working  decreases  the  SMA’s  transformation  temperature  [5,  6].  However,  by 
increasing  deposition  temperature,  surface  mobility  of  the  adsorbed  species  increases.  This 
enhances  the  growth  of  the  small  islands  and  helps  to  form  larger  and  larger  islands  resulting  in 
less  mismatch  of  geometrical  configurations.  Consequently,  less  defects  form  during  the  growth 
process.  Meanwhile,  during  the  hot  substrate  deposition,  the  film  is  also  being  heat  treated  during 
deposition.  This  heat  treatment  helps  to  reorganize  or  remove  dislocations  and  lowers  the 
dislocation  density.  As  a  result,  higher  transformation  temperatures  are  observed  with  increasing 
deposition  temperature. 

Figures  5a  and  5b  also  show  that  both  martensite  and  austenite  transformation  temperatures 
increase  with  increasing  heat  treatment  temperature.  This  is  probably  due  to  the  fact  that,  with 
increasing  heat  treatment  temperature,  the  additional  thermal  energy  permits  dislocations  to 
move,  and  rearranges  the  dislocations  into  cells  of  relatively  dislocation  free  areas  within  which 
the  martensite  twins  are  mobile.  Also,  residual  stresses  are  removed  during  this  dislocation 
reorganization.  Therefore,  with  increasing  heat  treatment  temperature,  the  twinning  process 
becomes  easier  resulting  in  a  higher  martensite  and  reverse  martensite  transformation 
temperature. 
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Figures  5a  and  5b  show  that  the  increase  in  martensite  and  austenite  transformation 
temperatures  with  elevated  heat  treatment  temperature  is  most  significant  when  the  substrate 
temperature  is  low.  However,  when  the  substrate  temperature  is  higher,  the  transformation 
temperatures  become  less  sensitive  to  the  heat  treatment  temperature.  This  is  associated  with 
increased  surface  mobility  at  higher  substrate  temperature  as  well  as  precipitation  of  second 
phase.  At  high  substrate  temperature,  the  as-coated  films  become  thermodynamically  more 
stable.  Second  phases  have  a  chance  to  precipitate  and  grow,  thereby  lowering  the  internal  stress. 
As  a  result,  thermal  energy  provided  by  heat  treatment  has  little  effect  on  the  transformation 
temperatures  of  these  films.  In  Ishida’s  paper  [8],  it  is  mentioned  that  semi-coherent  second 
phase  may  lower  transformation  temperature  due  to  strengthening  of  the  lattice.  This  might  also 
be  responsible  for  the  low  transformation  temperatures  observed  at  low  deposition  temperature 
and  low  heat  treatment  temperature  for  NiTiHf  films. 

CONCLUSION 

NiTiHf  SMA  thin  films  containing  9at%  Hf  were  successfully  fabricated.  The  deposition 
temperature  as  well  as  heat  treatment  temperature  is  found  to  have  significant  influence  on 
crystal  structure  and  transformation  temperatures  of  these  films.  No  R-phase  is  detected  in  these 
films.  However,  retained  austenite  is  observed  in  the  films  at  room  temperature  when  the  films 
are  deposited  at  low  substrate  temperatures  and  heat  treated  at  low  temperatures, 
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ABSTRACT 

The  objective  of  this  development  program  was  to  demonstrate  the  feasibility  of 
producing  superelastic  NiTi  shape-memory  alloy  (SMA)  foil  material  by  the  low  pressure  plasma 
spraying  (LPPS)  process  for  the  development  of  robust,  corrosion  resistant  and  long  life  sealing 
technology. 

A  conventional  LPPS  facility  was  retooled  for  the  use  of  electric  wire  arc  spraying  and 
the  process  parameters  were  reconfigured.  Foil  specimens  sprayed  up  to  1 .5mm  thickness 
showed  good  ductility  after  consolidation  heat  treatment  at  950°C  for  1  hour.  Subsequent  rolling 
of  the  foil  specimens  to  a  thickness  of  0.5mm  exhibited  superelastic  behavior.  The  amount  of 
superelasticity  will  have  to  be  determined.  In  addition,  thin  (0.2  mm)  and  thick  (0.76mm)  wall 
tubes  have  been  produced  in  the  12.5mm  diameter  range.  These  samples  were  heat  treated  and 
subjected  to  Hot  Isostatic  Pressing  (HIP).  Metallographic  examination  revealed  dense,  solid 
microstructures  after  heat  treatment  and  rolling,  and  hot  isostatic  pressing  respectively. 

It  was  concluded,  that  this  development  established  the  feasibility  to  produce  near  net 
shape  superelastic  NiTi  foil  with  a  retooled  Low  Pressure  Wire  Arc  Spraying  (LPWAS)  process, 
modified  to  permit  substitution  of  NiTi- wire  for  NiTi-powder  as  feed  stock. 

INTRODUCTION 

When  ordinary  metallic  materials  have  an  excessive  stress  load  applied,  beyond  their 
elastic  region,  they  are  not  able  to  fully  restore  their  original  shapes.  After  the  excessive  stress 
load  is  removed,  a  permanent  deformation  remains. 

When  NiTi  shape  memory  alloys  (SMA)  have  an  excessive  stress  load  applied,  beyond 
its  elastic  region,  at  a  temperature  less  th^  the  Austenite  finish  (Af)  transformation  temperature, 
B19  phase,  it  imdergoes  a  plastic-like  deformation.  When  heat,  higher  than  the  transformation 
temperature  is  applied,  the  deformation  disappears  and  the  original  shape,  B2  phase,  is  restored. 

Superelastic  NiTi  alloys,  on  the  contrary,  are  showing  rubber-like  deformation  behavior 
when  used  at  temperatures  alwve  their  Austenite  finish  transformation  temperature  (Af)  [1]. 

They  can  accept  an  excessive  stress  load  up  to  ten  times  the  alloy’s  elastic  stress  region,  at  a 
temperature  higher  than  the  transformation  temperature.  When  the  excessive  stress  load  is 
removed,  the  deformation  disappears  and  the  alloy  restores  its  original  shape. 

Superelastic  NiTi  material  processed  with  the  LPWAS  process  to  near  net  shape  can  be 
used  to  solve  a  long  standing  Naval  problem  of  reliably  preventing  green  water  and  other  fluids 
or  air-bom  contaminates  fi'om  entering  a  vessel  and  other  fixed  or  movable  enclosures. 

This  technology  will  produce  stronger  seals,  which  could  be  used  in  the  development  of 
advanced  hatch  and  hanger  door  seals  built  in  future  surface  ships.  Conventional  elastomer  seals 
are  prone  to  leakage  due  to  wear  and  environmental  degradation  and  unrecoverable  strain,  which 
reduces  sealing  force  (compression  set).  The  superelastic  shape  memory  seal  concept  provides 
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large  recoverable  strains,  which  maintains  high  sealing  force  (no  compression  set)  and  no 
environmental  degradation  and  wear. 

Seals  made  of  superelastic  NiTi  shape-memory  alloys  will  have  the  advantage  of  being 
relatively  lightweight,  corrosion  resistant,  non-pyrolytic  (fireproof,  tough,  having  large  strain 
(more  sealing  force),  being  non-magnetic,  and  Radar  Cross  Section  (RCS)  compliant. 

The  significance  of  this  opportumty  and  one  of  the  biggest  challenges  in  using  the 
superelastic  NiTi  alloys  for  seal  applications  is,  to  develop  the  proper  manufacturing  technique 
and  processing  procedure  to  yield  the  properties  of  superelasticity  and  force  delivery  that  allow 
uses  not  currently  available  using  any  other  process. 

EXPERIMENT 

Recent  developments  in  low  pressure  plasma  spraying  (LPPS)  show  that  shape  memory 
alloy  (SMA)  materials  can  be  successfully  created  with  the  plasma  spraying  process  [2].  Thin. 
near  net  shape  foils  (100pm  thick)  were  produced  using  the  LPPS  method.  Using  this  process  no 
significant  change  of  their  transformation  temperatures  (max.  5°C)  in  the  sprayed  and  heat 
treated  condition  could  be  found  using  the  DSC  method.  Tensile  strength  and  elongation  for  the 
sprayed  and  heat  treated  alloy  of  2,100  MPa  (300  ksi)  and  3%  respectively,  were  measured. 

Encouraged  by  these  results,  the  initial  plan  to  produce  superelastic  NiTi  alloy  foils 
material  was  based  on  utilizing  NiTi  powder.  Difficulties  in  obtaining  NiTi  powder  redirected 
the  development  pl^  and  wire  arc  spraying  was  used  instead  with  wire  as  feedstock  material  [3]. 

After  assertion  the  availability  of  wire  with  the  proper  size  and  chemical  analysis  (the 
wire  diameter  of  0.0625”  (1.6mm)  was  dictated  by  the  wire  arc  system)  the  LPPS  equipment  was 
retooled  for  the  use  of  wire  arc  spraying  and  the  process  parameters  were  reconfigured.  A  wire 
arc  spray  system  from  OSU  Maschinenbau  GmbH,  Model  G20  DHKE/6  was  used.  The 
photo^aph  in  figure  1  shows  the  wire  arc  system  installed  inside  the  LPPS  system.  In  order  to 
minimize  the  risk  of  destroying  the  wire  arc  gun  at  low  pressures  inside  the  LPPS  chamber  the 
system  was  first  operated  at  a  pressure  of  >500  Torr.  The  photograph  in  figure  2  shows  the  wire 
arc  gun  in  operation  inside  the  LPPS  chamber  in  an  Argon  atmosphere  at  500  Torr. 


Figure  1 :  Wire  Arc  Spraying  System 
inside  the  LPPS  chamber 


Figure  2:  Wire  arc  spraying  at  500  Ton- 
in  Argon  atmosphere 
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Encouraged  by  the  relatively  good  coating  microstracture  the  wire  feeding  system  was 
optimized  to  allow  for  longer  spray  times.  Our  investigation  revealed  that  the  dusty  chamber 
environment  caused  erratic  wire  feeding.  The  installation  of  special  dust  shields  and  protective 
hoses  for  wire  feeding  led  to  longer  spray  times. 

Previous  tests  with  different  substrate  materials  showed  that  Stainless  Steel  worked  best 
as  mandrel  material  therefore,  the  coating  fixture  for  foil  production  was  manufactured  fi-om 
Stainless  Steel.  A  removable  drum  with  a  4.250”  (108mm)  diameter  and  a  width  of 2.700" 
(68mm)  connected  to  a  shaft,  which  mounted  onto  the  rotation  and  translation  axis  of  the  LPPS 
system  was  manufactured.  With  this  fixture,  the  load  lock  feature  could  be  used,  which  allows 
transferring  coated  parts  in  and  out  of  the  coating  chamber  without  interrupting  the  argon 
atmosphere  in  the  chamber.  This  feature  ensured  optimized  coating  conditions  and  good  coating 
results. 

The  introduction  of  the  wire  feed  stock  produced  a  series  of  challenges.  The  attempt  to 
produce  thick  foil  (>0.020”  (>0.5mm)  resulted  in  cracking  of  the  foil  due  to  thermal  stresses  in 
the  spray  deposits.  The  introduction  of  an  auxiliary  plasma  gun  for  preheating  successfully 
resolved  this  problem.  These  efforts  plus  a  more  aggressive  pump-down  and  purging  cycle 
resulted  in  the  ability  to  produce  thick  foils,  in  excess  of  0.080"  (2.0mm).  Best  results  were 
obtained  with  the  following  procedure  and  parameters: 

1.  Using  Stainless  Steel  substrate  materials. 

2.  Grit  blasting  of  the  substrate  with  a  20  mesh  A1203  grit  at  60  psi  pressure. 

3.  Preheating  with  the  plasma  gun  (32  kW  argon  plasma)  at  50  to  300  Torr  chamber 
pressure  and  negative  transferred  arc  cleaning  with  40  A  and  50  V,  to  a  preheat 
temperature  of  250  to  300°C. 

4.  Wire  arc  spraying  at  300  to  500  Torr  chamber  pressure  with  argon  atomizing  gas  at 
100  A  at  28  V  arc  power. 

5.  A  wire  feed  rate  of  80  g/min,  which  resulted  in  a  42%  dynamic  deposit  efficiency. 

6.  A  cool-down  time  of  1 5  to  20  minutes  after  spraying,  prior  to  opening  the  spray 
chamber. 

With  these  parameters  and  procedure  a  total  of  ten  foils  were  produced.  All  of  them  were  2.7" 
(68mm)  wide  x  13"  (330  mm)  long  and  between  0.074"  (1.9mm)  and  0.035"  (0.9mm)  thick. 
Figure  3  shows  two  foils  after  removal  from  the  mandrel. 

The  foils  sprayed  to  0.060”  (1.5mm)  thickness  showed  good  ductility  after  a 
consolidation  heat  treatment  at  950°C  for  1  hour  in  a  24x24-inch  precision  “Taragon”  Furnace. 
Subsequent  hot  rolling  in  incremental  steps  of 0,002”  (0.05mm),  to  a  final  thickness  of 0.020” 
(0.5mm)  and  less  exhibited  positive  indications  of  superelastic  behavior.  However,  the  amount 
of  superelasticity  will  have  to  be  determined  by  further  testing.  Rolling  was  accomplished  using 
a  four  high  8-inch  rolling  mill  manufactured  by  “Standard  Machinery  Corporation”. 

RESULTS 

The  superelastic  wire  materials  available  in  short  order  had  an  Austenite  start  (As) 
temperature  of-16°C.  The  chemical  analysis  is  shown  in  the  figure  4.  A  sample  was  removed 
from  each  foil  and  mataUographically  analyzed.  The  samples  were  mounted,  polished  and 
observed  using  a  Nikkon  Optiphot  optical  microscope.  Figme  5  shows  a  photomicrograph  of  a 
microstructure  of  a  wire  arc  sprayed  NiTi  foil  in  the  unetched  condition.  The  first  layer  (A)  was 
sprayed  in  air  and  the  second  layer  (B)  in  argon  atmosphere.  The  coating  sprayed  in  air  with  the 
chamber  door  open,  exhibits  besides  porosity,  oxide  layers  between  the  individual  wire  droplets. 
The  coating  sprayed  in  500  Torr  argon  atmosphere  shows  only  porosity  but  no  visible  oxidation. 
The  droplets  appeared  to  be  well  molten  and  flattened.  The  large  particles  (droplets)  inherent  to 
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Figure  5:  Wire  arc  sprayed  NiTi  at  760  Figure  6:  NiTi  Foil  Heat  Treated  and 

Ton-  in  Air  (A)  and  at  500  Torr  Hot  Rolled 

in  Argon  atmosphere  (B) 


wire  arc  spraying  produced  a  notably  porous  deposit.  All  sprayed  foil  preforms  exhibit  approx. 
5%  not  interconnected  porosity  but  no  oxides  or  other  inclusions  could  be  observed.  The  feet  that 
this  observed  porosity  could  not  be  eliminated  through  modifications  of  the  wire  arc  spray  gun 
configuration  was  ground  for  concern.  In  addition,  foil  specimens  in  the  as  sprayed  condition 
tended  to  by  rather  brittle. 

Heat  treatment  at  950°C  for  one  (1)  hour  in  a  Paragon  furnace  with  an  accuracy  of 
±1.5°C  followed  by  a  pre-rolling  bending  test  showed  good  ductility.  The  0.060”  (1.5mm)  foil 
was  then  again  heat  treated  at  900°C  and  hot  rolled  in  a  4  high  8-inch  wide  rolling  mill.  The 
thickness  was  reduced  by  0.002”  (0.05mm)  per  pass  to  a  final  thickness  of 0.020"  (0.5mm). 

Prior  to  each  rolling  pass,  the  sample  was  reheated.  The  total  thickness  reduction  was  66%. 
Figine  6  shows  the  photomicrograph  of  the  rolled  microstructure  in  unetched  condition.  The 
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microstructure  revealed  that  the  porosity  existing  in  the  as  sprayed  condition  was  removed.  The 
foil  appeared  fully  dense  and  no  visible  cracks  or  oxide  stringers  as  remains  from  the  porosity 
could  be  observed. 

For  comparison,  a  sample  of  Nitinol  superelastic  alloy  produced  by  a  conventional 
melting  process  was  rolled  using  the  same  processes  and  procedures  as  with  the  wire  arc  sprayed 
samples.  The  thickness  was  reduced  by  66%;  the  same  as  for  the  wire  arc  sprayed  sample.  The 
microstructure,  shown  in  the  photomicrograph  of  figure  7,  does  not  reveal  any  visible  difference 
between  the  samples  produced  of  feed  stock  material  and  the  samples  produced  with  the  wire  arc 
spraying  process.  A  comparison  of  all  investigated  samples  with  conventional  feedstock 


Figure  8:  Near  Net  Shape  Wire  Arc 
Spraying  of  NiTi  Tubes 


Figure  7:  Conventional  NiTi  Foil 


Figure  9:  NiTi  Tube  as  Sprayed 


Figure  11:  DTA  of  NiTi  Wire 


Figure  12:  DTA  of  NiTi  Foil  (roUed) 


showed  no  visible  differences  of  their  microstructures.  More  detailed  analyses  are  necessary  to 
characterize  the  possible  differences  between  the  samples.  In  addition,  thin  (0.2mm)  and  thick 
(0.76mm)  wall  tubes  have  been  produced  in  the  12.5mm  diameter  range  (figure  8).  These 
samples  were  heat  treated  and  subjected  to  Hot  Isostatic  Pressing  (HIP).  Metallographic 
analyses  of  the  tube  samples  are  shown  in  figures  9  and  10. 

The  foil  samples  were  further  investigated  of  chemistry  and  transformation  temperatures. 
The  Differential  Thermal  Analysis  (DTA)  showed  some  differences  between  the  rolled  foil 
sample  and  the  wire  feed  stock  material  with  the  transformation  temperature  (Af)  being  "35°C 
for  the  wire  and  “22°C  for  the  foil.  However,  these  results  were  encouraging  and  are  shown  in 
figures  1 1  and  12.  The  different  shapes  of  the  curves  are  most  likely  related  to  the  change  in 
chemistry.  The  chemical  analysis  showed  that  the  Nickel  and  Titanium  contents  varied  <0.5%, 
being  56%  Ni  for  the  wire  and  55.5%  Ni  for  the  foil.  The  Carbon  and  Hydrogen  contents 
degreased,  for  example:  C  from  0.043%  (wire)  to  0,032%  (foil)  and  H  from  0.0009%  (wire)  to 
0.0006%  (foil).  The  Oxygen  content  to  the  contrary  went  from  0.043%  (wire)  to  0.144%  (foil), 
which  was  partially  contributed  to  a  leak  in  the  LPWAS  system. 

CONCLUSION 

A  preliminary  design  and  material  process  technique  was  developed  and  the  feasibility  of 
spraying  superelastic  shape  memory  alloy  foils  in  various  sizes  and  thickness  was  researched. 

The  produced  foil  stock  was  analyzed  metallurgically  and  for  its  chemical  composition,  and 
physical  properties.  The  difficulties  with  the  existing  wire  arc  spray  system  combined  with  the 
inability  to  operate  at  ambient  pressures  less  than  200  Torr  makes  the  choice  for  an  improved 
wire  arc  spray  system  inevitable. 

However,  the  significance  of  this  development  is  not  in  the  technical  accomplishment, 
which  laid  dormant  for  over  30  years,  but  rather  in  the  demonstration  that  the  Low  Pressure  Wire 
Arc  Spraying  (LPWAS)  process  could  be  developed  into  a  viable,  competitive  processing 
technology  to  yield  superelastic  NiTi  metallic  se^  with  designed  permanent  force  delivery  that 
allow  uses  not  possible  with  current  seal  technology. 
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ABSTRACT 

Pre-strained  martensitic  Shape  Memory  Alloy  wires  embedded  into  a  composite  material 
act  against  the  stiffness  of  the  host  material  if  they  are  heated  above  their  retransformation 
temperature,  biasing  their  strain  recovery.  As  a  result,  recovery  stresses  are  generated  in  the 
composite,  leading  to  a  shift  in  resonance  vibration  frequency  if  the  wires  are  placed  along  the 
neutral  axis  of  a  composite  beam.  Guidelines  for  quantification  of  the  effects  produced,  as  a 
ftmction  of  SMA  wire  composition,  volume  fraction,  level  of  pre-strain,  and  of  host  material 
stifftiess  are  not  available  yet.  In  order  to  investigate  the  governing  mechanisms  of  activation, 
adaptive  composite  materials  based  on  Kevlar  fiber  reinforced  epoxy  matrices  have  been 
produced  by  embedding  thin  Shape  Memory  Alloy  wires,  150  microns  in  diameter,  during 
processing  in  an  autoclave.  A  mold  was  specially  designed  to  pre-strain  the  SMA  wires  and 
prevent  their  recovery  during  the  cure  cycle.  Values  of  the  degree  of  activation  in  the  composite 
materials,  in  terms  of  maximal  recovery  force  and  of  the  corresponding  maximal  resonance 
vibration  frequency  shift  will  be  presented  as  a  function  of  the  stiffhess  of  the  host  material  and 
SMA  volume  fraction.  Preliminary  guidelines  for  the  optimization  of  these  materials  will  thus 
be  given. 

INTRODUCTION 

Hybrid  composites  consisting  of  a  polymer  composite  host  material  and  thin  pre-strained 
Shape  Memory  Alloy  (SMA)  wires  have  been  shown  to  provide  attractive  effects  such  as  shape 
change  or  a  shift  in  the  vibration  frequency  upon  activation  [1-5].  Indeed,  pre-strained 
martensitic  SMA  wires  heated  above  the  reverse  martensite  to  austenite  phase  transformation 
tend  to  recover  their  shape.  If  they  are  constrained  by  clamping  the  wire,  or  by  embedding  them 
into  a  composite  material,  the  strain  recovery  will  be  limited,  and  recovery  stresses  will  instead 
be  generated,  which  typically  increase  almost  linearly  with  increasing  temperature.  As  a  result,  if 
the  wires  are  placed  along  the  neutral  axis  of  a  composite  beam,  a  shift  in  resonance  vibration 
frequency  should  be  observed.  This  effect  was  demonstrated  in  the  past  years  for  model 
materials  [1-3]  and  some  composites  [4,5].  No  clear  guideline  has  however  been  provided  yet  to 
optimize  the  design  of  such  composites.  In  particular,  the  effects  of  wire  volume  fraction  and 
distribution  are  not  quantified.  Also,  large  hysteretic  loops  were  observed  with  binary  Ni-Ti 
alloys,  making  the  use  of  these  materials  limited,  although  use  of  the  R-phase  transformation 
could  alleviate  some  of  these  limitations  [1].  This  paper  presents  results  of  ongoing  research 
within  the  framework  of  a  European  collaboration  to  evaluate  the  feasability  and  optimize  the 
design  of  such  adaptive  composites  [6].  To  this  end,  hybrid  composites  of  Kevlar/Epoxy  host 
material  and  ternary  NiTiCu  thin  wires  have  been  produced.  The  response  in  terms  of  recovery 
stress  and  vibration  shift  upon  activation  is  measured  as  a  function  of  the  wire  volume  fraction 
and  location  in  the  host  material. 
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EXPERIMENTS 


Materials: 


The  SMA  wires  were  NiTiCu  wires,  150  jxm  in  diameter,  from  Memry-Raychem, 
containing  about  12  wt  pet  Cu,  with  respective  martensite  start  and  finish,  and  austenite  start  and 
finish  temperatures  as  follows:  Ms=46.8‘’C,  Mf=  38.3  °C,  As=55.6  °C  and  Af=64.2  °C  measured 
by  DSC.  The  wires  were  delivered  straight  annealed,  and  it  was  noticed  that  the  wires  on  the 
spools  were  already  prestrained  by  about  2%  in  the  as-received  state. 

The  host  composite  was  delivered  as  prepregs  of  unidirectional  aligned  Kevlar®  29  aramid 
fibers  and  LTM217  epoxy  resin,  manufactured  by  Advanced  Composite  Group  in  UK. 

Autoclave  processing  of  hybrid  composites: 

A  special  frame  was  designed  to  maintain  the  wires  clamped  during  processing  of  the 
composites  in  an  autoclave.  On  each  side  of  the  frame,  a  set  of  combs  allowed  the  wires  to  be 
threaded  around  each  tooth,  back  and  forth.  Pre-strain  was  obtained  by  sliding  one  side  of  the 
frame  with  a  precision  screw.  The  minimal  spacing  between  the  wires  was  500  pm,  and  it  was 
possible  to  produce  hybrid  composites  with  two  superposed  layers  of  wires,  by  coupling  two 
identical  frames  on  top  of  each  other.  The  composite  was  built  by  placing  prepregs  on  each  side 
of  the  wire  layers.  The  assembly  was  placed  in  an  autoclave,  where  it  was  cured  for  12  hours  at 
70°C  under  vacuum.  Post-cure  for  1  hour  at  140°C  was  then  performed  to  reach  a  material  glass 
transition  temperature  of  Tg  =180°C,  as  measured  by  Dynamic  Mechanical  Analysis. 

Various  samples  were  produced,  with  different  spacing  of  wires  (4,  8  or  16  wires  per  cm  of 
composite,  corresponding  to  a  spacing  of  2, 1,  and  0.5  mm  between  each  wire)  and  different 
number  of  prepreg  layers  on  each  side  of  the  wire  layer:  1, 2,  3,  or  4.  One  set  of  samples  was 
produced  with  two  layers  of  wires,  and  two  layers  of  prepreg  on  each  side  and  in  between.  The 
wire  pre-strain  in  all  cases  was  5%,  and  the  wires  were  always  on  the  neutral  axis  of  the  sample, 
or  equally  distant  from  it  in  the  case  of  2  wire  layers.  A  resulting  composite  is  a  shown 
schematically  in  Figure  1  (a),  and  a  photograph  of  samples  is  given  in  Figure  1  (b). 


Figure  1:  (a)  Schematic  presentation  of  a  hybrid  sample,  (b)  a  photograph  of  samples  with  4,  8, 
and  16  wires,  and  one  layer  of  prepreg  on  each  side,  from  top  to  bottom,  respectively. 


Measurement  of  recovery  stress  and  vibration: 


The  set-up  schematically  presented  in  Figure  2  was  used  to  measure  the  recovery  force,  the 
vibration  frequency  spectrum,  as  well  as  the  temperature  and  resistance  of  the  wires  or 
composites,  as  they  are  slowly  heated  by  Joule  effect.  The  heating  ramp  was  adjusted  for  the 
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composites  so  that  the  sample  reaches  an  equilibrium  temperature  before  each  measurement. 
Instrumented  experiments  with  5  thermocouples  along  the  length  or  width  of  the  sample  revealed 
that  the  temperature  gradients  across  the  sample  are  small,  on  the  order  of  5°C.  A  detailed 
description  of  the  set-up  is  given  in  Ref.  [3].  The  U  shaped  sample  holder  is  mounted  on  a  shaker 
which  transversally  vibrates  the  composite  beam.  The  f^damental  resonance  frequency  of  the 
beam  is  extracted  by  taking  the  maximum  of  the  Fourier  Transform  of  the  measured  signal. 
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Figure  2.  Schematic  drawing  of  the  experimental  set-up  allowing  the  simultaneous 
measurement  of  the  longitudinal  force,  electrical  resistance  and frequency  response  ofSMA- 

composite  beams. 


RESULTS 

Hybrid  composite  processing: 

15  samples  were  produced,  as  indicated  in  Table  I,  with  dimensions  of  about  w=10  mm 
and  1=  150  mm,  Figure  1  (a).  In  all  samples,  the  impregnation  quality  was  good,  no  voids  were 
detected  by  optical  microscopy  of  polished  cuts,  and  the  Kevlar  fiber  distribution  around  the 
SMA  wires  was  homogenous.  Separate  pull-out  experiments  on  a  similar  system  showed  that 
the  quality  of  the  interface,  when  using  ^e  wire  in  oxidised  state  as  received  is  satisfactory. 


Table  I :  list  of  the  produced  hybrid  composites 


Sample 

1 

1 

1 

1 

1 

1 

mmm 

IMIWIBB 

lEHEHS 

Number  of 
prepress 

1/1 

2/2 

3/3 

[mmii 

2/2/2 

Number  of 
wires 

4 

8 

16 

4 

8 

16 

11 

8 

16 

4 

8 

16 

4+4 

8+8 

8+8 

SMA  vol. 
Fraction(%) 

3 

5.8 

11 

0.9 

2.2 

IB 

1 

1.8 

3.5 

0.5 

1.1 

2.3 

2 

3.5 

3.3 

Recovery  force  measurement; 

The  recovery  force  was  first  measured  for  the  single  wire  using  the  experimental  set-up 
shown  in  Figure  2,  as  a  function  of  temperature,  for  various  levels  of  pre-strain.  Before  running 
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the  experiment,  the  wires  were  annealed  without  being  clamped  at  140°C  for  a  few  minutes  to 
recover  any  previously  applied  strain.  The  results  are  given  in  Figure  3.  For  a  given  pre-strain, 
the  recovery  force  increases  with  temperature  as  expected,  though  the  increase  in  not  linear  for 
this  polycrystalline  alloy.  For  each  level  of  pre-strain,  the  wire  was  thermally  cycled  a  few  times, 
and  we  observed  that  the  behavior  was  very  reproducible.  The  hysteresis  loop  is  very  small,  as 
was  already  observed  for  ternary  NiTiCu  alloys,  making  these  a  promising  candidate  for  hybrid 
composite  production  [7].  The  level  of  maximal  force  increases  with  pre-strain,  however,  after  3 
%  pre-strain,  the  increase  was  less  significant.  A  total  pre-strain  of  5  %  was  chosen  for  the 
manufacturing  of  hybrid  composite,  leading  to  a  recovery  stress  for  the  corresponding  wire  state 
of  about  500  MPaat90°C. 


Figure  3.  Plot  of  the  recovery  force  versus  temperature  and  the  level  of  pre-strain,  for  a 

single  NiTiCu  wire. 

The  composites  were  tested  using  the  same  set-up,  in  clamped-clamped  configuration  with 
no  additional  pre-strain.  The  recovery  force  exerted  by  the  composite  was  monitored  as  a 
function  of  temperature,  for  heating  up  to  about  100°C,  to  remain  well  within  the  service 
temperature  of  the  host  composite.  Figure  4  represents  as  an  example  the  stress  versus 
temperature  curve  for  samples  3, 6, 9, 12  and  14.  In  all  cases,  the  behavior  is  very  reproducible, 
with  a  narrow  hysteresis  loop.  The  influence  of  the  number  of  prepregs  in  the  composite  is 
clearly  demonstrated.  It  appears  that  for  composites  having  only  one  layer  of  prepreg  on  each 
side  of  the  wires,  the  behavior  is  strongly  dictated  by  that  of  the  wires,  as  they  are  very  close  to 
the  sample  surface.  Additional  layers  not  only  reduce  the  wire  volume  fraction,  but  also  the 
activation  potential  of  the  wires.  Figure  5  summarizes  all  the  results,  by  plotting  the  recovery 
stress  measured  at  90°C,  as  a  function  of  the  SMA  volume  fraction  in  the  composite.  As 
expected,  the  general  trend  is  a  rather  linear  increase  of  the  recovery  stress  with  the  wire  volume 
fraction.  Variations  are  however  found,  which  are  due  to  the  lay-up  of  the  composite,  for  a  same 
wire  volume  fraction.  The  geometric  arrangement  of  the  wires  within  the  composite  does  not 
seem  to  exert  a  large  influence  on  the  recovery  stress:  samples  which  have  2  layers  of  wires 
(sample  number  13, 14,  and  15)  fall  well  within  the  general  trend,  as  observed  on  Figure  4  and  5. 
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Figure  4.  Plot  of  the  recovery  stress  versus 
temperature  and  the  number  ofprepreg  layers. 


Figure  5.  Plot  of  the  recovery  stress 
measured  at  90°C  as  a  function  of  the  SMA 
wire  volume  fraction  and  lay-up. 


Resonance  vibration  frequency; 

The  shift  in  resonance  frequency  was  measured  for  all  samples  from  1  to  12.  In  all  cases, 
we  observed  a  shift  of  the  resonance  peak  as  compared  to  the  same  composite  at  room 
temperature,  as  shown  in  Figure  6  for  sample  5.  In  general,  the  shift  is  observed  towards  higher 
frequencies,  and  the  magnitude  of  the  shift  increases  with  the  volume  fraction  of  SMA  wires,  as 
shown  in  Figure  7  for  activation  at  100°C.  The  results  are  in  general  agreement  with  the 
corresponding  stress  increase  presented  Figure  5.  For  very  small  wire  volume  fractions,  however, 
the  shift  was  observed  towards  the  lower  frequencies,  as  reported  by  Friend  et  ah,  possibly 


Frequency  [Hz] 


Figure  6.  Resonance  peak  shift  for  sample  5. 


Figure  7.  Plot  of  the  resonance  peak  shift 
after  activation  at  100°C  as  a  function  of  SMA 
wire  volume  fraction  and  lay-up. 
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because  of  the  increased  role  of  the  thermal  expansion  in  the  host  composite  [5].  For  thin 
composites  (samples  1, 2,3),  the  measurement  of  vibration  frequency  was  made  difficult  because 
these  samples  were  often  not  flat,  as  some  buckling  occurred  during  post-cure.  This  explains  the 
low  shift  value  found  for  sample  3. 

CONCLUSIONS 

Hybrid  composites  consisting  of  NiTiCu  SMA  wires  embedded  in  a  host  Kevlar-epoxy 
composite  were  produced  by  autoclave  processing  in  a  pre-straining  frame,  with  various  SMA 
wire  volume  flections  and  geometrical  arrangements.  It  is  shown  that  the  SMA  wire  chosen 
exhibits  a  very  stable  activation  behavior  with  a  low  hysteresis,  making  it  a  good  candidate  for 
this  type  of  application.  The  hybrid  composites  tested  in  clamped-clamped  configuration 
developed  a  recovery  stress  when  heated,  which  also  exhibited  a  good  reproducibility  and  low 
hysteresis.  Accordingly,  the  resonance  frequency  peak  was  shifted  to  higher  frequencies.  It  was 
shown  that  the  magnitude  of  the  activation  for  a  given  temperature  increases  roughly  linearly 
with  the  SMA  vwre  volume  fraction,  and  does  not  seem  to  depend  on  the  geometrici 
arrangement  of  the  wires  around  the  neutral  axis.  However,  the  thickness  of  the  host  composite 
exerts  an  additional  effect,  the  thin  composite  behavior  being  mostly  governed  by  that  of  the 
wires.  Work  is  currently  in  progress  to  model  these  effects. 

ACKNOWLEDGMENTS 

This  work  was  performed  in  the  frame  of  the  ADAPT  project  funded  by  the  European 
Commission,  in  the  Industrial  and  Materials  Technology  program.  The  authors  gratefully 
acknowledge  Ms  J.Hudd  from  British  Aerospace  Research  Centre  Sowerby  for  sample 
processing  and  Ms  P.  Schwab  for  taking  part  in  this  research  during  her  studies. 

REFERENCES 

1.  J.-E.  Bidaux,  J.-A.E.  Munson,  R.  Gotthardt,  Mat.Res.Soc.Symp.  Vol.459,  pp.  107-117,  (1997). 


2.  R.  Gotthardt ,  J.-E.  Bidaux,,  in  Int.Conf.Displacive.  Phase  Transf  &  their  Application 
inMaterial  Engineering,  edited  by  K.Inue,  K.  Mukherjee,  K.  Otsuka,  H.  Chen,  TMS  publication, 
pp.l57-166,(1998). 


3.  J.-E.  Bidaux,  J.-A.E.  Mdnson,  R.  Gotthardt ,  in  proceedings  of  the  Third  ICIM/ECSSM  '96, 
Lyon,  pp.  517-522,  (1996). 

4.  D.A.Hebda,  M.E. Whitlock,  J.B.Ditman,  S.R. White,  Journal  of  Intelligent  Material  Systems 
and  Structures,  Vol.6,  March  1995,  pp.220-228, 

5.  C.M.  Friend  and  C.R.D.  Mattey,  4*  ESSM  and  2^  MIMR  Conf.,  Harrogate,  6-8  July,  edited 
by  G.R.  Tomlinson  and  W.A.  Bullough,  Institute  of  Physics,  pp.  107-1 14,  (1998). 

6.  http://www  .mtm.kuleuven .  ac  .be/Research/AD APT/ 

7.  T.Saburi,  in  Shape  Memory  Materials,  Edited  by  K.Otsuka  and  C.M.Wayman,  Cambridge 
University  Press,  p.73-76,  (1998). 


146 


Intelligent  Gels 


Yoshihito  OSADA,  Jian  Ping  GONG  and  Tetsuharu  NARITA 
Division  of  Biological  Sciences,  Graduate  School  of  Science, 

Hokkaido  University,  Sapporo  060-0810,  Japan 

E-mail:  osada@polymer.sci.hokudai.ac.jp;  Tel  &  Fax:  81-11-706-4994 

ABSTRACT 

We  reported  an  electro-driven  chemomechanical  hydrogel  showing  quick  responses  with 
worm-like  motility.  The  principle  of  the  motion  is  based  on  the  molecular  assembly 
reaction  of  cationic  surfactant  and  negatively  charged  hydrogel.  And  direction  of 
complexation  accompanying  gel  contraction  is  controlled  by  changing  the  polarity  of  the 
applied  electric  field.  Both  thermodynamics  and  kinetics  of  surfactant  binding  and 
diffusion  are  investigated  experimentally  and  theoretically.  We  also  reported  shape 
memory  hydrogel  by  order-disorder  transition  of  alkyl  side  chain,  and  some  examples  od 
friction  of  hydrogels  showing  that  frictional  behaviors  of  hydorgels  do  not  conform  to 
Amonton’s  law. 

1.  INTRODUCTION 

Biological  materials  are  usually  composed  of  soft  and  wet  materials  in  the  body.  This 
is  in  contrast  with  most  of  industrial  materials  such  as  metal,  ceramics  and  plastics  that  are 
dry  and  hard.  Thus,  arises  the  problem  of  how  to  design  a  mobile  machine  using  soft  and 
wet  materials,  or  how  to  afford  the  soft  material  to  make  shape  changes  or  to  generate 
tensile  stresses  that  can  lead  to  motility  without  the  requirement  of  a  rigid  structure.  One 
should  notice  that  there  are  suitable  materials  which  largely  satisfy  these  requirement. 
They  are  wet  and  soft  and  look  like  a  solid  material  but  are  capable  of  undergoing  large 
deformation.  That  is  the  polymer  gel. 

The  system  which  undergoes  shape  change  and  produce  contractile  force  in  response  to 
environmental  stimuli  is  called  a  "chemomechanical  system".  This  system  can  transform 
chemical  free  energy  directly  into  mechanical  work  to  give  isothermal  energy  conversion 
and  this  can  be  seen  in  living  organisms,  for  example,  in  muscle,  flagella  and  in  ciliary 
movement.  Synthetic  polymer  network,  "gel",  is  the  only  artificial  system  able  to  convert 

chemical  energy  directly  into  mechanical  work.  Gels  are  soft  with  respect  to  their 
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environments.  Machines  made  of  metal  or  silicon  operates  as  closed  systems.  They  do 
not  adapt  to  changes  in  their  operating  conditions  unless  a  separate  sensor  system  or  a 
human  operator  is  at  the  controls.  Gels,  in  contrast,  are  thermodynamically  "open":  they 
exchange  chemicals  with  the  solvent  surrounding  them  and  alter  their  molecular  state  in  the 
process  of  accomplishing  work.  Such  materials  could  be  used  wherever  power  for  more 
conventional  devices  is  limited  or  difficult  to  obtain:  underwater,  in  space  or  in  the  human 
body. 

We  have  developed  an  electro-driven  chemomechanical  system  which  shows  quick 
responses  with  worm-like  motility.  The  principle  of  motility  of  this  system  is  based  upon 
an  electrokinetic  molecular  assembly  reaction  of  surfactant  molecules  on  the  hydrogel 
caused  by  both  electrostatic  and  hydrophobic  interactions.  Shape  memory  functions  of 
polymer  gels  with  ordered  structure  will  also  be  introduced.  Study  of  these 
chemomechanical  system  using  polymer  gels  arose  an  important  problem;  That  is  a  friction 
in  water  or  on  solid.  Anomalous  frictional  behaviors  characteristics  to  gel  will  also  be 
described. 

2.  PRINCIPLE  OF  MOTrON 

The  principle  of  the  gel's  motion  is  based  on  the  molecular  assembly  reaction  of  cationic 
surfactant  molecules  with  negatively  charged  hydrogel  caused  by  both  electrostatic  and 
hydrophobic  interactions  to  give  the  effective  contraction^’^^(Fig.l). 

Generally,  the  swelling  of  ionic  gel  is  attributed  to  the  difference  of  osmotic  pressure 
concerned  with  the  freely  mobile  ions  between  inside  and  outside  the  gel  and  their 
distribution  is  well  described  by  Donnan  equilibrium.  The  contraction  of  the  gel  in  the 
surfactant  solution  is  connected  with  the  neutralization  of  negative  charges  in  the  gel  by 
forming  complex  with  cationic  surfactant  molecules.  Since  the  surfactant-gel  complex 
formation  has  a  cooperative  nature  derived  from  hydrophobic  interaction  of  surfactant 
molecules,  a  marked  contraction  of  the  gel  is  observed  only  above  a  certain  critical 
concentration  of  the  surfactant. 

Thus,  the  mechanism  of  electro-activated  quick  bending  of  the  gel  is  connected  with  the 
electrokinetic  molecular  assembly  reaction;  the  positively  charged  surfactant  molecules 
undergo  electrophoretic  movement  toward  cathode  and  form  the  complex  with  negatively 
charged  gel,  mainly  on  a  side  facing  to  anode  of  Poly(2-acrylamido-2- 
methylpropanesulfonic  acid)  (PAMPS)  gel  and  causes  anisotropic  contraction  to  give 
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bending  toward  anode.  When  the  electric  field  is  reversed,  the  surfactant  molecules  on  the 
surface  of  the  gel  leave  off  and  electrically  travel  away  toward  anode.  Instead,  new 
surfactant  molecules  approach  from  the  opposite  side  of  the  gel,  and  form  the  complex 
preferentially  on  that  side  of  the  gel  and  stretch  the  gel.  Here,  tlie  amount  of  N- 
dodecylpyridinium  chloride  (C12PyCl)  molecules  adsorbed  within  a  second  is  easily 
calculated  to  give  the  complex  formation  ratio  less  than  1x10  ^  explained  that  the  quick  and 
significant  bending  under  electric  field  is  dominated  only  by  the  surface  complexation  and 
shrinkage  of  the  gel. 


No  d.c.  Under  d.c. 


Fig.l  The  moving  mechanism  of  the  PAMPS  gel. 
The  left  picture  shows  the  gel  free  from  the 
electric  field  and  the  right  picture  under  a  voltage 
of  10  V  with  the  anode  facing  the  right  side  of  the 
gel. 


IV; 


The  stoichiometric  binding  of  surfactant  molecules  with  the  charged  polymer  network  is 


characterized  by  two  processes.  One  is  the  electrostatic  interaction  between  the  surfactant 
ion  and  the  oppositely  charged  network  to  form  salt-like  bridging,  thus  initiating  the  binding. 
The  other  is  the  hydrophobic  interaction  between  bound  surfactants,  which  stabilizes  the 
aggregation  in  such  a  way  as  to  settle  the  adjacent  to  the  already  occupied  site  along  the 
polymer  chain.  The  former  is  called  "initiation  process"  and  the  latter  is  called  "cooperative 


process" 

We  have  made  a  comparative  study  on  the  binding  behavior  of  charged  molecules  with 
the  linear  poly  electrolyte  as  well  as  with  the  charged  network.  We  have  treated  the 
hydrophobic  interaction  between  amphoteric  molecules  using  the  nearest  neighbor 
interaction  model  and  denoted  AF^  as  the  energy  gain  through  the  hydrophobic  interaction^. 


General  formulas  of  binding  isotherms  have  been  derived^  for  a  linear  polymer  as  well  as  a 
polymer  network  at  difference  ionic  strength.  When  no  simple  salt  is  present,  the  binding 
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curve  IS 


,  ^  AF+AF,  V 


- P)[exp(-^j  -l]+l+2p-l 


’Afi(l-f)[exp(—^)  -ly  +  l -2P  +  1 


for  a  linear  polymer  and 

I  AF 

,  ^  AFi-AF,  -i;  -^1  +2)3-1 

In  C,v,  =  — 1  +  r^±.  kl  _ 

y4^(l  -  ^)[exp(-^)  -17  +  1-2)3  +  1 


i-ln- 


(a+^-Y)V 

n~(a+^~y)](V-VJ 
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(2) 


for  a  polymer  network.  Where  C,  is  surfactant  concentrations  at  equilibrium  state,  AF^  the 
free  energy  change  due  to  the  electrostatic  interaction,  )5  the  degree  of  binding  that  is  the 
ratio  of  the  molar  number  of  bound  surfactants  to  the  polymer,  a  and  y  are  numbers  of  free 
surfactant  ion  and  its  counter  ion  in  the  gel  in  units  of  unit  number  of  the  polymer, 
respectively. 

It  is  seen  that  the  presence  of  the  cross-linkage  introduces  an  extra  ionic  osmotic 
pressure  difference  inside  and  outside  the  network.  When  )3  is  small,  the  network  always 
tends  to  swell  which  is  balanced  by  the  elastic  force.  This  swelling  ionic  osmotic  pressure 
enhances  the  initial  binding  process  but  suppresses  the  surfactant  aggregation  compared 
with  those  of  the  linear  polyelectrolyte.  If  we  regard  the  polymer  network  as  a  cross- 
linked  three-dimensional  polymer  chain  in  water,  the  presence  of  the  locally  concentrated 
counter  ions,  which  originate  the  swelling  osmotic  pressure,  makes  the  network  expand  in 
competition  with  the  conformational  shrinkage  on  binding  and  thus  strongly  reduces  the 
cooperativity. 


On  the  other  hand,  an  addition  of  salt  makes  the  third  term  in  Eq.2  becomes 
(Pi.a  +  p-y)V^ 
ll-(a+P-r)l(V~V^) 

here  P  is  the  molar  ratio  between  the  salt  and  the  network  monomer.  In  the  presence  of  a 
large  amount  of  salt  (P  »  1),  the  above  term  is  no  longer  sensitive  to  the  change  of  )3. 
This  indicates  that  a  high  ionic  strength  suppresses  the  network  expansion  and  enables  the 
polymer  chain  to  become  flexible,  thus  promotes  the  cooperativity.  The  presence  of  salt 
strongly  shields  the  electrostatic  repulsion  between  macroions,  thus  lowering  the 
electrostatic  potential  energy.  This  leads  to  a  shift  of  the  isotherms  curve  toward  a  higher 
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equilibrium  concentration. 

Fig.  2  and  Fig.  3  shows  the  theoretical  binding  isotherms  (solid  lines)  calculated  from 
Eq.  1  and  2,  and  the  observed  data  (dotted  symbols)  obtained  for  C12PyCl  bound  with  a 
linear  as  well  as  a  crosslinked  PAMPS.  The  theoretical  isotherms  showed  fairly  good 
agreement  with  the  experimental  data,  which  confirms  the  essential  feature  of  the  theory. 


lnC,v, 

Fig.2  Binding  isotherms  of  C12PyCI  with 
linear  and  crosslinked  PAMPS.  Solid  lines 
are  calculated  curves  using  the  following 
parameters:  =  3  x  10-5  M,Vq  =  6x  10'^ 
U  V=  0.01  L,  Vc  =  0.018  I7M,  ^Ff,/kT=  - 
6.2,  q=  50.  Open  circles  (cro.sslinked 
polymer)  and  triangulars  (linear  polymer) 
are  experimental  data. 


!nC,v,: 


Fig.3  Binding  isotherms  of  surfactant  with 
different  alkyl  chain  to  a  network  of  ^  = 

50.  Solid  lines  are  calculated  curves  using 
tsFhlkT=  -8.0,  -6.2,  -4.0  from  left  to  right. 
Other  parameters  are  the  same  in  Fig.2. 
Experimental  data:  □,  ClSPyCl;  O, 
C12PyCl;  O,  ClOPyCI. 


4.  KINETIC  STUDY  OF  SURFACTANT  -  GEL  INTERACTIONS 

Since  the  principle  of  the  movement  of  the  gel  is  based  on  an  electrokinetic  molecular 
assembly  reaction,  it  is  very  important  to  study  the  kinetics  of  the  gel-surfactant  interactions 
for  not  only  the  molecular  designing  of  improved  chemomechanical  behavior,  but  also  the 
physico-chemical  understanding  of  diffusion  and  binding  of  charged  molecules  through  the 
oppositely  charged  polymer  network.  We  have  studied  the  kinetics  of  the  surfactants 
uptake  by  polyelectrolyte  networks  and  effects  of  surfactant  alkyl  chain  length, 
concentration,  added  salt,  network  spacing,  counterions,  and  gel  size  were  systematically 
investigated^  ''^.  We  consider  that  there  are  two  processes  governing  the  surfactant  uptake 
by  the  gel.  The  first  process  is  the  surfactant  diffusion,  which  is  driven  by  the  chemical 
potential  gradient  of  the  surfactant  between  interior  and  exterior  of  the  gel,  according  to 
Pick's  first  law.  The  second  process  is  the  stoichiometric  complexion  of  surfactant  with  the 
gel.  The  free  surfactant  molecules  which  have  penetrated  through  the  gel  surface  are 
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quickly  attracted  to  the  electrostatic  potential  well  of  the  network  to  form  insoluble 
complexes.  This  process  immobilizes  the  surfactant  diffused  into  the  gel  and  sustains  the 
high  concentration  gradient  of  the  free  surfactant  inside  and  outside  of  the  gel  which 
facilitates  the  subsequent  surfactant  diffusion  into  the  charged  network. 

The  velocity  of  total  surfactant  uptake  depends  on  processes  of  both  surfactant  diffusion 
and  binding.  Binding  dependent  surfactant  uptake  was  clearly  demonstrated  when  salt 
such  as  NaCl,  which  suppresses  the  electrostatic  interaction  and  enhances  the  hydrophobic 
interaction,  is  added  to  the  system.  Fig.4  shows  time  profiles  of  degree  of  binding  (/3)  of 
ClOPyCl  and  C12PyCI  in  the  presence  and  absence  of  0.01  mol/L  NaCl.  In  the  absence  of 
NaCl,  both  ClOPyCl  and  C12PyCl  showed  almost  the  same  uptake  rate  in  the  initial  stage 
and  then  leveled  off  (at  about  ^  =  0.75).  In  NaCl  solution,  however,  ClOPyCl  uptake  was 
totally  suppressed,  while  that  of  C12PyCl  reached  ^  =  0.7  in  3  hours,  which  was  slower  than 
that  in  water.  Fig.5  shows  the  binding  isotherms  of  the  gel  with  ClOPyCl  and  C12PyCl. 
P  and  Cs  are  the  equilibrated  amount  of  surfactant  uptake,  and  surfactant  concentration  of 
the  solution,  respectively.  The  figure  indicates  that  both  surfactants  started  binding  in 
water  below  1  x  10  *'  mol/L  and  continued  through  a  wide  concentration  range,  while  in 
NaCl  solution  C12PyCl  binding  was  practically  prevented  at  a  concentration  lower  than  lO  '’ 
mol/L  due  to  decreased  electrostatic  interaction.  ClOPyCl  started  binding  at  4  x  lO  **  mol/L. 
The  presence  of  NaCl,  instead,  resulted  in  an  alkyl  size  dependence  of  the  concentration  at 
which  the  binding  started,  and  an  increased  steepness  of  the  curves,  i.e.,  increased 
cooperativity  of  the  binding  due  to  hydrophobic  interaction.  The  different  uptake 
behaviors  of  ClOPyCl  and  C12PyCl  in  the  presence  and  absence  of  NaCl  as  shown  in  Fig.4 
well  correspond  with  the  difference  in  binding  equilibrium  presented  in  Fig.5.  The  shifting 
by  NaCl  addition  was  so  substantial  that  no  uptake  occurred  for  ClOPyCl  under  given 
experimental  condition  as  shown  in  Fig.  4. 

The  effect  of  binding  is  also  shown  by  investigating  the  influence  of  charge  density  on 
the  surfactant  uptake.  Fig.5  shows  the  initial  flux  of  C12PyCl  averaged  over  the  first  8 
minutes  as  a  function  of  the  volume  fraction  of  the  polymer  network  0.  As  seen  in  Fig.5, 
the  flux  increases  with  an  increase  in  the  volume  fraction  of  the  gel,  i.e.,  with  an  increase  in 
the  charge  density  of  the  network.  This  result  demonstrates  that  the  rate  of  surfactant 
uptake  is  dominated  by  the  charge  density  of  the  network  but  not  by  the  network  spacing. 
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Time  (hour)  C.  (mol/L) 


Fig.4  time  profiles  of  degrees  of  binding  /?  Fig.5  Binding  isotherms  of  ClOPyC!  and 

of  ClOPyCl  and  C12PyCl  with  PNaAMPS  C12PyCl  with  PNaAMPS  gel. 

gel. 


Experimental  results  described  in  the  previous  section  showed  that  kinetics  of  surfactant 
uptake  can  well  be  expressed  in  terms  of  diffusion  and  binding  processes.  Here  we  present 
a  theoretical  model  of  surfactant  diffusion  in  the  gel  with  simultaneous  binding.  For  the 
simplification  of  equations,  following  assumptions  have  been  made  in  the  present  case:  1) 
a  local  equilibrium  between  the  free  and  bound  surfactant  anywhere  in  the  gel,  2)  one¬ 
dimensional  and  Fickian  diffusion,  and  3)  neglected  volume  change  and  ionic  properties  of 
surfactant  including  counterions. 

From  the  continuity  condition  we  have  an  equation  as  follows: 


dx^  dt  dt 


(4) 


where  Cy  is  the  free  surfactant  concentration  in  the  gel  and  Cy  is  that  bound  to  the  polymer 
chain.  Assuming  the  local  equilibrium,  Q  is  expressed  as  a  function  of  Cj  via  binding 
isotherm.  In  order  to  avoid  introducing  the  complicated  function  to  eq.  (1),  we  use  the 


following  equation  which  well  describes  the  binding  phenomenonogically: 


(5) 


where  C^g  is  the  initial  concentration  of  anionic  charge  on  the  polymer,  u  the  cooperative 
parameter  of  the  binding,  Cp  the  free  surfactant  concentration  at  half  of  the  saturated 


binding.  Using  the  eq.  (1)  and  eq.  (2)  to  eliminate  Q  we  have 
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dt 


(6) 


1  +  C^o 


With  boundary  conditions  to  describe  the  experimental  condition,  Eq.6  was  solved 
numerically.  Time  profiles  of  ^  of  calculated  solutions  (solid  lines)  are  compared  with 
experimental  data  (dots)  for  C4PyCl  and  Ci2PyCl  and  the  results  are  shown  in  Fig.6(a)  and 
(b).  The  curve  for  C4PyCl,  which  induced  no  shrinkage  of  the  gel  was  calculated  using  D 
-  10  X  10  cm  s  .  As  shown  in  the  figure  both  theoretical  and  experimental  curves  well 
fitted.  The  value  of  the  D  is  quite  reasonable  if  we  compare  it  with  the  diffusion 
coefficients  of  C4PyCl  in  water  which  is  12.6  x  10  *  cm^  s  ‘.  Thus,  the  essential  feature  of 
the  theory  is  quite  reasonable.  The  calculated  curves  for  C12PyCl,  which  brought  about  a 
drastic  gel  collapse  did  not  satisfactorily  fit  presumably  because  changes  in  the  gel  size, 
diffusion  coefficient  or  binding  affinity  were  not  taken  into  account  in  this  theory. 


Fig.6  Time  profiles  of  degrees  of  bindine  B 
of  C4PyCl  and  C12PyCl  with  PNaAMPS 
gel.  Numbers  in  the  figure  denote  diffusion 
coefficient  (10-6  cm2  s-1).  goHd  lines  are 
theoretical  curves  and  dots  are  experimental 
results. 


Fig.7  Shape  memory  behavior  of  the 
hydrophilic-hydrophobic  copolymer  gels  due 
to  order-disorder  transition. 
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5.  ORDER-DISORDER  TRANSITION  AND  SHAPE  MEMORY  FUNCTION  OF 
GELS 

We  have  found  that  a  water-swollen  hydrogel  containing  layered-aggregate  structure 
made  by  copolymerizing  acrylic  acid  (AA)  and  stearyl  acrylate  (SA)  exhibits  shape  memory 
function  with  change  in  temperature  (Fig.7)“^‘^^  The  shape  memory  behavior  is  associated 
with  the  reversible  order-disorder  transition  of  the  layered  structure  of  alkyl  side  chains 
(Fig.8).  Using  this  shape  memory  effect,  a  thermo-responsive  smart  diaphragm  capable  of 
spontaneously  opening  and  closing  the  value  was  introduced.  The  principle  and  behavior 
of  the  shape  memory  gel  will  be  described. 


Dry  gel  Gel  moderately  swollen  Gel  swollen  In  10-50  %  Gel  swollen  tn  elhanni  f>75 

In  water  (pM<9)  ethanol  or  In  walor  (pH  9-10)  '  or  In  water 

Fig.8  Schematic  illustration  of  the  change  in  organized  structure  of  the  hyrophilic- 
hydrophobic  copolymer  gels  by  swelling. 

6.  FRICTION  OF  GELS 

The  sliding  friction  of  various  kinds  of  hydrogels  has  been  investigated,  and  it  has  been 
found  that  the  frictional  behaviors  of  these  hydrogels  do  not  conform  to  Amonton's  law  F  = 
^W,  which  well  describes  the  friction  of  a  solid.  Instead,  the  friction  force  F  of  the  gels 
shows  slight  dependence  on  the  load  W  in  the  investigated  load  range,  while  it  strongly 
depends  on  the  sliding  velocity  (Fig.9)'^\  Additionally,  the  frictional  coefficient  of  the 
gel  reaches  a  value  as  low  as  ~  10'^,  which  is  smaller  than  those  observed  in  solid  materials. 

Obviously,  the  specific  behavior  of  the  gel  friction  should  be  associated  with  the  water 
absorbed  in  the  gel.  Under  the  load,  the  gel  deforms  and  a  part  of  water  might  be  squeezed 
out  from  the  bulk  gel  and  serves  as  a  lubricator,  leading  to  a  boundary  lubrication  or  even  to 
a  hydrodynamic  lubrication.  The  strong  dependence  of  the  gel  friction  on  the  pressure  P 
and  velocity  v  suggests  a  hydrodynamic  lubrication  mechanism.  However,  one  should 
note  that  the  hydrodynamic  lubrication  is  usually  sustained  only  when  two  solids  rotate  in  a 
very  high  speed  with  lubricating  oil.  When  two  solid  surfaces  are  allowed  to  slide  under 
controlled  conditions,  the  lubricant  layer  should  be  squeezed  out  quickly  and  the 


157 


hydrodynamic  lubrication  cannot  be  sustained.  This  is  why  a  water-soaked  sponge 
conforms  to  Amonton's  law  and  dose  not  exhibit  hydrodynamic  lubrication.  The  very 
strong  hydration  ability  of  the  gel  probably  makes  it  possible  to  sustain  the  supposed 
hydrodynamic  lubrication  even  at  a  very  low  sliding  velocity  and  under  a  high  pressure^*  '®^. 

The  obtained  results  may  further  serve  to  construct  a  comfortable  artiricial  joint  using 
polymer  gels.  A  detailed  and  quantitative  study  is  reported  dsewhere^^^’^. 


Fig.9  Dpendencies  of  (a)  friction  and  (b)  the 
coefficient  of  friction  on  load  for  various 
kinds  of  hydrogels  slide  on  glass  surface  in 
air.  Sliding  velocity:  7  mm/min.  Sample 
contact  area:  PVA,  gellan,  and  rubber,  3x3 
cm^;  PNaAMPS,  3x3  cm^.  Degree  of 
swelling  q\  PVA,  17;  gellan,  33;  PNaAMPS, 
15. 


158 


7,  REFERENCES 

1.  Y.  Osada,  H.  Okuzaki,  H.  Hori,  Nature  355,  242  (1992). 

2.  Y.  Osada, and  S.  B.  Ross-Murphy,  ScLAm.  268(5),  82  (1993). 

3.  H.  Okuzaki,  Y.  Osada,  Macromolecules  2^,  4554  (1995). 

4.  H.  Okuzaki,  Y.  Osada,  Macromolecules  27,  502  (1994). 

5.  R.  A.  Marcus,  J,  Phys.  Chem.  58,  621  (1954). 

6.  J.  P.  Gong,  Y.  Osada,  7.  Phys.  Chem.  99, 10971  (1995). 

7.  T,  Narita,  J.  P.  Gong,  Y.  Osada,  Macromol  Rapid  Commun.  18,  853  (1997). 

8.  T.  Narita,  J.  P.  Gong,  Y.  Osada,  J.  Phys.  Chem.  B  102,  4566  (1998). 

9.  T.  Narita,  N.  Hirota,  J.  P.  Gong,  Y.  Osada,  J.  Phys.  Chem.  B  103,  6262  (1999). 

10.  Y.  Osada  and  A.  MastudaJVari/rg  376,  219(1995). 

11.  Y.  Kagami,  J.  P.  Gong  and  Y.  Osada,  Macromol.  Rapid  Commun.  17,  539  (1996). 

12.  M.  Uchida,  M.  Kurosawa,  and  Y.  Osada.  Macromolecules  28,  4583  (1995). 

13  J.  P.  Gong  and  M.  Higa  and  Y.  Iwasaki  and  Y.  Katsuyama,  and  Y.  Osada.  J.  Phys. 
101,  5487  (1997). 

14.  J.  P.  Gong  el  al. ;  J.  Phys.  Chem.  101,  5487  (1997) 

15.  J.  P.  Gong  and  Y.  Osada,  J.  Chem.  Phys.  109,  8063  (1998) 

16.  J.  P.  Gong,  Y.  Iwasaki,  Y.  Osada,  K.  Kurihara  and  Y.  Hamai,  J.  Phys.  Chem.  B  103, 
6001  (1999) 

17.  J.  P.  Gong,  Y.  Iwasaki,  G.  Kagala  and  Y.  Osada,  Proc.  Japan  Acad.  Ser.  B  75,  122 
(1999) 


159 


SHAPE  MEMORY  CERAMICS 


T.  MATSUMURA,  T.  NAKAMURA,  M.  TETSUKA,  K.  TAKASHINA, 

K.TAJIMA  andYNISHI 

Department  of  Materials  Science,  Tokai  University,  1117  Kitakaname,  Hiratsuka,  Kanagawa, 
259-1292,  Japan,  am026429@keyaki.cc.u-tokai.ac.jp 


ABSTRACT 

Three  types  of  shape  memory  ceramics  'were  introduced.  They  were  the  irreversible  shape 
memory  silica  glass,  the  reversible  shape  memory  bi-ceramics  glass  and  reversible  shape 
memory  silica  and  Si-C-O  glassy  fiber  samples  (the  small  size  change)  induced  by  thermal 
expansion. 

INTRODUCTION 

The  shape  memory  alloys  and  polymers  have  been  studied  and  applied  for  many 
applications  [1-3].  To  apply  under  the  hard  environmental  conditions,  we  developed  the  shape 
memory  ceramics,  which  shows  the  high  resistance  to  corrosion.  We  have  investigated  the 
three  types  of  shape  memory  ceramics. 

The  first  topic  is  for  the  bi-ceramics  glass,  which  shows  the  large  shape  change  in  the 
reversible  shape  memory  effect.  The  glasses  generally  show  the  volume  changes  at  different 
glass  transition  temperatures  [4-5].  The  heating  expands  the  molar  volume  of  the  glass  rod  A  at 
the  glass  transition  temperature  (Tg^),  whereas  the  glass  rod  B  doesn’t  change  at  Tg^.  The 
glass  rod  B  is  the  supporting  rod  to  be  back  to  the  size  of  glass  rod  A  bellow  Tg^.  Namely,  the 
reversible  shape  memory  effect  should  be  induced  by  the  supporting  rod  B  as  well  as  the 
expanding  glass  rod  A  at  Tg^.  We  found  the  shape  memory  effect  of  bi-ceramics  made  for 
pyrexglass  and  sodiumglass  [6]. 

The  second  topic  is  for  the  silica  glass,  which  shows  the  large  size  change  in  irreversible 
shape  memory  effect  at  high  temperature.  The  residual  stress  is  loaded  by  bending  on  cooling. 
The  recovery  of  residual  stress  induced  the  irreversible  shape  memory  effect. 

Finally,  we  introduce  the  small  size  changes  in  reversible  shape  memory  effect  induced  by 
thermal  expansions  of  silica  and  Tyrano  (Si-C-O)  glassy  fiber  samples.  They  show  amorphous 
structure  [7].  They  have  precise  shape  changes,  which  show  high  resistance  to  load.  To  apply 
the  small  and  precise  shape  adjustment  of  large  structure  building  such  a  space  anterma,  we 
have  investigated  the  thermal  expansion  of  the  silica  and  Si-C-O  glassy  fiber  samples. 
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EXPERIMENTAL  PROCEDURE 


Rmrsibic  shape  memory  effect  of  bi-ceramics  glassy  sample. 

The  bi-ceramics  glass  was  produced  by  welding  for  the  borosilicate  and  sodium  glasses 
above  their  glass  transition  temperatures.  The  bi-ceramics  glass  was  drawn  to  be  narrow  and 
subsequently  cut  into  pieces  of  6  mm  in  length.  Shape  memory  effect  was  measured  in 
observation  system.  [6]  The  sample  was  held  at  373K  for  5  min  and  heated  up  to  673K  at  the 
rate  of  15K  per  min.  Then,  it  was  cooled  down  to  573K  by  lOK  per  min.  The  shape  change 
was  measured  by  a  projected  image  on  a  screen.  The  shape  change  observation  was  evaluated 
by  the  positions  X  and  Y  (see  figure  1-a).  The  shape  memory  ratio  was  calculated  by  a 
following  equation  (1). 

Bi-ceramics  glassy  sample 
Shape  memory  ratio 
=  (AX"+AYyVYo  XlOO-(l) 

AX=X-Xo 
AY=Y-Yo 
Silica  glassy  sample 
Shape  recovery  ratio 
=  (AX’'+AY’'fVY’o  xl00-(2) 

AX’  =X’-X’o 
AY’  ==Y’-Y’o 

a)  Bi-ceramics  glass  sample  b)  Silica  glass  sample 

Figure.  1  Schematic  diagram  of  method  for  estimation  strain  from  chord  length  change. 

Iri3E.Y€mblfc  shape  memory  effect  of  silica  glassy  sample  deformed  on  cooling. 

The  silica  glass  was  drawn  to  be  narrow  and  subsequently  cut  into  pieces  of  6  mm  in  length. 
The  shape  memory  effect  was  measured  in  observation  system[8].  Sample  was  held  at  373  K 
for  5  min  and  heated  up  to  1273  K  at  the  rate  of  6  K  per  min.  The  shape  change  was  measured 
by  a  projected  image  on  screen.  The  shape  change  observation  was  evaluated  by  the  position 
X’  and  Y’  (see  figure  1-b).  The  shape  recovery  ratio  was  calculated  by  the  equation  (2). 
Reversible  shape  memory  effect  induced  bv  thermal  expansion. 

The  thermal  expansion  of  silica  (made  by  Toshiba  ceramics  Co.,  Japan  0.654nim  width) 
and  Si-C-O  glassy  fiber  (“Tyrano  fiber”  made  by  Ube  Industries,  Ltd.,  Japan  56.1  mass%  Si  - 
33.6  mass%  C  -  9.0  mass%  0-1.0  mass%  Zr  -  0.1  mass%  B)  samples  were  measured  at 
contact  heating  rate.  [7]  The  thermal  residual  strain  was  expressed  by  a  following  equation. 

Thermal  residual  strain  coefficient  (K  * )  =  —^^—2 - 

(Tm-T«)1J 

Here,  ij  and  1^  are  length  at  289K  before  and  after  heating,  respectively. 

Tm  Tr  ai’e  the  maximum  temperature  on  heating  and  room  temperature,  respectively. 
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The  lower  glass  transition  temperature  of  sodium  glass  is  above  700K.  Figure  2  shows  flie 

relationship  between  the  shape  change  ratio  against  the  sample  temperature  from  296K  to  673K. 

The  large  shape  change  (broken  line)  was  observed  Welding  near  melting  point. 

^  - Welding  far  above  melting  point. 

in  the  temperature  range  from  473K  to  573K  on  ^  2o  _ _ _ _ _  n 

heating  and  cooling  [6].  Based  on  the  EPMA  ^  O  Heating  /f 

observation,  boron  atoms  diffused  in  to  the  1,16  f  j 

sodiumglass  by  welding  far  above  melting  point.  -2  J 

The  low  shape  memory  temperature  was  observed  ^ 

of  the  bi-ceramics  glass  decreased  [6],  In  this  work,  |  j  08  ■  / /  / 

we  have  tried  to  prevent  the  boron  atom  diffusion  by  6  /  j 

welding  near  melting  point.  The  maximum  shape  ‘  *  /  / 

memory  ratio  was  20%  of  the  bi-ceramics  glassy  “  ,,00  - 1 

sample.  Thus,  the  shape  memory  temperature  (solid  300  400  500  600  700 

line)  approaches  to  the  glass  transition  temperature  _  Temperatoe  (K) 

VO  tv  6  FiguTe.  2  Change  m  shape  memory  ratio 

of  sodiumglass.  We  conclude  that  the  shape  memory  against  temperature  of  bi-ceramics  glasses, 
temperature  depends  on  the  welding  temperature. 


Figure  3  shows  the  micro- Vickers  hardness  values  at  different  temperatures  of  silica  glass. 
The  heating  softened  the  silica  glass  with  residual  stress  induced  by  deformation  on  cooling. 
Since  the  softening  are  often  generated  by  the  relaxation  and  recovery,  the  irreversible  shape 
memory  effect  can  be  expect.  Figure  4  shows  the  shape  recovery  ratio  at  elevated  temperatures. 
Since  the  retained  stress  is  recovered  below  the  glass  transition  temperature  of  silica  glass,  the 
size  of  silica  glassy  sample  is  recovered.  Therefore,  the  silica  glass  can  be  an  irreversible  shape 
memory  ceramics  applied  for  joint  articles  in  hard  environmental  conditions. 

550  I - r — - - - 1  0  ^ - ' - 1 


700  900  1100  130 

Temperature  (K) 

Figure.  3  Change  in  Vickers  hardness 
against  temperature  of  silica  glass. 


700  900  1100  1300 

Temperature  (K) 

Figure.  4  Change  in  shape  recovery  ratio 
against  temperature  of  silica  glass. 
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RmrsiMc  shape  memory  effect  induced  bv  thermal  expansion. 


Figures  5  and  6  show  changes  in  strain  against  temperature  of  silica  glassy  fiber  sample. 
When  the  sample  was  heated  up  to  1550  K  above  glass  transition  temperature  (see  figure  5), 
the  expanded  strain  can  not  be  reversed.  The  reversible  change  can  be  observed  of  the  silica 
sample  heated  below  glass  transition  temperature,  as  shown  in  figure  6.  On  the  other  hand, 
when  we  load  above  the  critical  load,  the  residual  strain  {{l\-  1\)  /  \\}  can  be  remarkably 
observed  of  silica  fiber  sample,  as  shown  in  figure  7.  Therefore,  we  studied  the  load 
dependence  of  residual  strain  of  the  silica  fiber  sample.  Figure  8  shows  the  relationship 
between  the  thermal  residual  strain  coefficient  against  temperature  at  silica  fiber  sample.  The 


critical  load  can  be  observed.  The  critical  load  is  found  7  MPa  to  10  MPa. 


200  400  600  800  1000120014001600 
Temperature  (K) 

Figure.  5  Change  in  thermal  strain  against 
temperature  of  silica  fiber  heated  up  to  1550K 
above  glass  transition  temperature. 


200  400  600  800  1000120014001600 


Temperature  (K) 

Figure.  6  Change  in  thermal  strain  against 
temperature  of  silica  fiber  heated  up  to  1500K. 


200  400  600  800  1000120014001600 


Temperature  (K) 

Figure.  7  Change  in  thermal  strain  against 
temperature  of  silica  fiber  heated  up  to  1500K 
below  glass  transition  temperature  with  large  load. 


Figure.  8  Change  in  thermal  residual  strain 
coefficient  against  load  of  silica  fiber. 
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Figures  9  and  10  show  the  changes  in  strain  against  temperature  of  Si-C-0  glassy  fiber 
sample.  If  it  is  heated  up  to  1600K  (see  figure  9),  the  shape  change  is  irreversible.  The 
reversible  shape  change  can  be  found  heated  up  to  1400K  (see  figure  10).  Furthermore,  the 
load  dependence  of  residual  strain  has  been  investigated  of  the  Si-C-O  glassy  fiber  sample. 
Figure  11  shows  the  relationship  between  the  thermal  residual  strain  coefficient  against 
temperature  at  Si-C-0  grassy  fiber  sample.  The  critical  load  is  from  50MPa  to  70MPa  at 
heating  from  289K  to  1183K.  Compared  with  silica,  the  Si-C-O  grassy  fiber  sample  shows  the 
high  resistance  to  load.  Thus,  we  conclude  that  the  silica  and  Si-C-0  grassy  fiber  samples  can 
be  reversible  shape  memory  actuators  applied  in  high  temperature  under  the  hard 
environmental  conditions. 


Figure.  9  Change  in  strain  against 
temperature  of  Si-C-0  grassy  fiber  heated 
below  1600K. 


200  400  600  800  1000  1200  1400 
Temperature  (K) 


Figure.  10  Change  in  strain  against  temperature 
of  Si-C-O  grassy  fiber  heated  below  HOOK. 


Figure.  11  Change  in  thermal  residual  strain  coefficient 
against  load  of  Si-C-0  grassy  fiber  sample. 
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CONCLUSION 


We  introduced  the  three  types  of  shape  memory  ceramics  to  apply  in  hard  environmental 
conditions.  They  showed  the  large  irreversible  shape  memory  change  at  900±150K  of  silica 
glass,  the  large  reversible  shape  memory  change  at  620±50K  of  bi-ceramics  glass,  and  the 
small  size  change  of  reversible  shape  memory  effect  induced  by  thermal  expansion  of  silica 
and  Si-C-O  glassy  fiber  samples. 
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ABSTRACT 

Magnetorheological  (MR)  fluids  are  materials  that  respond  to  an  applied  magnetic  field  with  a  change  in 
rheological  behavior.  Typically,  this  change  is  manifested  by  the  development  of  a  yield  stress  that 
monotonically  increases  with  applied  field.  Interest  in  MR  fluids  derives  from  their  ability  to  provide  simple, 
quiet  and  rapid  response  interfaces  between  electronic  controls  and  mechanical  systems.  In  this  paper,  the  basic 
composition  and  properties  of  example  MR  fluids  are  reviewed.  Some  contemporary  applications  of  MR  fluids 
are  then  discussed. 


INTRODUCTION 

Materials  whose  rheological  properties  can  be  varied  by  application  of  magnetic  fields  belong  to  a 
specific  class  of  so-called  smart  materials  because  they  can  respond,  via  solid-state  electronics  and 
modem  control  algorithms,  to  changes  in  their  environment.  In  this  paper,  consideration  is  given  to 
materials  consisting  of  a  suspension  of  non-colloidal,  magnetically-polarizable  particles  in  a  non¬ 
magnetic  medium.  These  materials  respond  to  applied  magnetic  fields  and  are  thus  referred  to  as 
magnetorheological  (MR)  materials.  Such  materials  can  be  utilized  in  devices  or  can  be  incorporated  in 
traditional  composites  to  form  advanced  intelligent  composite  stmctures,  whose  continuum  magneto¬ 
rheological  response  can  be  actively  controlled  in  real-time.  Applications  that  can  benefit  from  materials 
whose  rheology  can  be  continuously,  rapidly  and  reversibly  varied  are  numerous. 

The  most  common  MR  materials  are  of  liquid  state.  The  controllable  rheological  response  of  such 
fluids  results  from  the  polarization  induced  in  the  suspended  particles  by  application  of  an  external 
magnetic  field.  The  interaction  between  the  resulting  induced  dipoles  causes  the  particles  to  form 
columnar  structures,  parallel  to  the  applied  field.  These  chain-like  structures  restrict  the  flow  of  the  fluid, 
thereby  increasing  the  viscous  characteristics  of  the  suspension.  The  mechanical  energy  needed  to  yield 
these  chain-like  structures  increases  as  the  applied  magnetic  field  increases  resulting  in  a  field  dependent 
yield  stress.  In  the  absence  of  an  applied  field,  the  controllable  fluids  exhibit  Newtonian-like  behavior. 

The  initial  discovery  and  development  of  MR  fluids  and  devices  can  be  credited  to  Jacob  Rabinow 
at  the  US  National  Bureau  of  Standards  [1,2].  Interestingly,  this  work  was  almost  concurrent  with  Willis 
Winslow's  work  on  electrorheological  (ER)  fluids  [3].  Except  for  a  flurry  of  interest  after  their  initial 
discovery,  there  has  been  scant  information  published  about  MR  fluids.  Only  recently  has  a  resurgence  in 
interest  in  MR  fluids  been  seen  [4-14]. 

The  field-responsive  behavior  of  MR  fluids  is  often  represented  as  a  Bingham  plastic  having  a 
variable  yield  strength  [15].  For  stresses  t  above  the  field  dependent  yield  stress  t  ,  the  flow  is  governed 
by  Bingham’s  equation: 

T  =  T^.  +717,  T>ty 

Below  the  yield  stress  (at  strains  of  order  10'^),  the  material  behaves  viscoelastically: 

T<T^  (2) 

where  G  is  the  complex  material  modulus.  It  has  been  observed  in  the  literature  that  the  complex 
modulus  is  also  field  dependent  [16,17].  While  the  Bingham  plastic  model  has  proved  useful  in  the 
design  and  characterization  of  controllable  fluid-based  devices,  true  controllable  fluid  behavior  exhibits 
some  significant  departures  from  this  simple  model.  Perhaps  the  most  significant  of  these  departures 
involves  the  non-Newtonian  behavior  of  controllable  fluids  in  the  absence  of  a  field  [18,14]. 


167 

Mat.  Res.  Soc.  Symp.  Proc.  Vol.  604  ©  2000  Materials  Research  Society 


COMPOSITION 


The  composition  of  MR  fluids  is  similar  to  their  ferrofluid  cousins:  a  high  concentration  of 
magnetizable  particles  in  a  non-magnetic  medium.  Differences  in  particle  size  and  composition  however 
result  in  distinct  behavioral  differences.  In  particular,  MR  fluid  particle  sizes  typically  range  from  10‘"  to 
10  m  -  one  to  three  orders  of  magnitude  larger  than  colloidal  ferrofluid  particles.  The  larger  MR  fluid 
prides  allow  for  stable,  highly  magnetizable  materials  and  reversible  particle  aggregation.  Typical 
micron-sized  MR  particles  will  support  hundreds  of  magnetic  domains.  Domain  dipole  rotation  in  the 
presence  of  a  field  causes  inteq)article  attraction.  Maximum  interparticle  attraction  and  thus  maximum 
magnetorheological  effect  is  increased  by  choosing  a  particle  material  with  high  saturation  magnetization 
J .  Iron  has  the  highest  saturation  magnetization  of  known  elements  with  J=2.1  Tesla.  Iron  particles  with 
spherical  shape  obtained  from  the  thermal  decomposition  of  iron  pentacarbonyl  are  commonly  used. 
Alloys  of  iron  and  cobalt  are  known  to  have  slightly  higher  saturation  magnetization  (up  to  J  =2.4  Tesla) 
and  have  also  been  used  in  MR  fluids  [19].  Typical  particle  volume  fractions  are  between  0.1  and  0.5. 

Researchers  at  BASF  [18]  have  created  MR  fluids  using  ferrite-based  particles  on  the  order  of  30 
nm  in  diameter  coated  with  long  chain  molecules.  These  fluids,  which  are  very  similar  to  ferrofluids,  are 
reported  to  have  excellent  stability  and  abrasion  properties.  They,  however,  exhibit  an  order  of 
ma^itude  less  yield  strength  than  iron-based  MR  fluids  resulting  from  inferior  magnetic  properties  of 
ferrite  and  the  predominance  of  thermal  particle  forces. 

Carrier  liquids  are  typically  chosen  based  upon  their  rheological  and  tribological  properties  and  on 
their  temperature  stability.  Typically,  petroleum  based  oils,  silicone,  mineral  oils,  polyesters,  polyethers, 
water,  synthetic  hydrocarbon  oils  and  others  are  used.  Ashour  and  colleagues  [20]  used  a  synthetic  EAL 
arctic  series  lubricant  produced  by  Mobil.  Kormann  et  al.  [18]  used  polar  liquids  such  as:  triethylene 
glycol,  diethylene  glycol  methyl  ether,  hexyl  and  cyclohexyl  acetate,  methyl  propionate,  and  others.  MR 
fluids  often  contain  other  additives  to  provide  additional  lubricating  properties,  as  well  as  additives  that 
inhibit  sedimentation  and  agglomeration.  Sedimentation  is  typically  controlled  by  the  use  of  thixotropic 
agents  and  surfactants  such  as  xantham  gum,  silica  gel  [21],  stearates  and  carboxylic  acids  [3].  The 
thixotropic  networks  disrupt  flow  at  ultralow  shear  rates  (the  viscosity  becomes  nearly  infinite)  but  thins 
as  the  shear  rate  is  increased.  Stearates  form  a  network  of  swollen  strands  when  used  in  conjunction  with 
mineral  oil  and  synthetic  esters  that  serve  to  entrap  particles  and  immobilize  them.  Fine  carbon  fibers 
have  ^so  been  used  for  this  purpose  [4].  The  fibers  build  viscosity  through  physical  entanglement  but 
exhibit  shear  thinning  due  to  shear-induced  alignment. 


PROPERTIES 

A  summary  of  the  basic  properties  of  typical  MR  fluids  is  given  in  Table  1.  MR  fluids  routinely 
exhibit  dynamic  yield  strengths  in  excess  of  50  kPa  for  applied  magnetic  fields  of  150-250  kA/m  [22,14], 
The  off-state  viscosity  for  MR  fluids  is  generally  in  the  range  of  0.10  to  1.0  Pa-s  at  25°C.  The  ultimate 
strength  of  MR  fluids  is  limited  by  magnetic  saturation.  Operational  temperatures  for  MR  fluids  easily 
range  from  -40°C  to  -t-150°C  and  are  generally  limited  by  the  volatility  properties  of  the  carrier  fluid 
rather  than  the  details  of  the  polarization  mechanism.  Unlike  ER  fluids,  dissipative  electric  currents  and 
joule  energy  loss  in  MR  fluids  are  not  a  concern.  One  is  able  to  effectively  use  permanent  magnets  to 
energize  MR  fluids  with  no  steady-state  power  requirement  at  all. 

MR  fluids  are  not  highly  sensitive  to  contaminants  or  impurities  such  as  are  commonly  encountered 
during  manufacture  and  usage.  Further,  because  the  magnetic  polarization  mechanism  is  not  affected  by 
the  surface  chemist^  of  surfactants  and  additives,  it  is  relatively  straightforward  to  stabilize  MR  fluids 
against  particle-liquid  separation  in  spite  of  the  large  density  mismatch.  Most  MR  fluids  are  quite  dense 
with  specific  gravity  in  the  range  of  3  to  4  due  to  their  high  content  of  dense  iron  particles. 
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Table  1.  Typical  MR  Fluid  Properties  [23], 


Typical  Value 

Max.  Yield  Strength, 

50  to  100  kPa 

Max.  Field,  H 

-250  kA/m 

0.1  to  1.0  Pa-s 

Operable  Temp.  Range 

-40  to  150'’C  (limited  by  carrier  fluid) 

Contaminants 

Unaffected  by  most  impurities 

Response  Time 

<  milliseconds 

Density 

3  to  4  g/cm^ 

10'®  to  10"s/Pa 

Maximum  Energy  Density 

Power  Supply  (typical) 

2-25  V  @  1-2  A  (2-50  watts)  | 

The  factor  T|p/Tj^^(H)  is  a  figure  of  merit  useful  in  estimating  how  large  a  given  MR  fluid  device 
must  be  in  order  to  achieve  a  specified  level  of  performance  [22,24].  The  minimum  volume  of  active 
fluid  in  a  device  is  proportional  to  this  factor.  Typical  MR  devices  require  2-50  watts  of  input  power. 
Several  commercially  available  MR  fluids  are  given  in  Table  2. 


Table  2.  Several  commercially  available  MR  fluids  [25]. 


MR  Fluid 

Particulate,  %(V/V) 

Carrier  Fluid 

Density(^/ml) 

MRX-126PD 

Fe  (~3|im),  26% 

Hydrocarbon 

MRF-132LD 

Fe  (-3|xm),  32% 

Hydrocarbon 

MRF-240BS 

Fe  (-3pm),  40% 

3.90 

MRX-336AG 

Fe  (~3pm),  36% 

Silicone  oil 

3A1 

Field-Responsive  Effect 

The  field  responsive  effect  of  the  two  commercial  MR  fluids  is  shown  in  Figure  1.  This  shear 
stress  data  was  taken  at  relatively  low  shear  rates  and  thus  approximates  the  fluid  yield  stress  as  defined 
in  Eq.  (1).  At  low  fields,  MR  fluids  are  seen  to  exhibit  sub-quadratic  behavior.  Indeed  the  MR  fluids 
exhibit  an  approximate  power  law  index  of  1.75  at  low  and  intermediate  fields.  This  subquadratic 
behavior  is  attributed  to  gradual  particle  saturation  with  increasing  field  and  is,  in  part,  predicted  by 
contemporary  models  of  magnetorheology  [26,27].  Beyond  fields  of  about  0.1  Tesla,  the  effects  of  bulk 
magnetic  saturation  are  revealed  as  a  departure  from  power  law  behavior.  The  stress  response  ultimately 
plateaus  as  the  MR  fluids  approach  complete  magnetic  saturation.  Simple  theory  predicts  that  the 
ultimate  yield  stress  of  MR  fluids  is  proportional  to  (|)  where  (j)  is  the  particle  volume  fraction  and  is 
the  particle  saturation  magnetization.  Figure  2  demonstrates  the  quadratic  dependency  of  MR  fluid  yield 
stress  on  particle  saturation  magnetization. 


Zero-field  Rheology 

The  viscosity  of  controllable  fluids  in  the  absence  of  a  field  is  most  significantly  a  function  of  the 
carrier  oil,  suspension  agents,  and  particle  loading.  Rheological  figures-of-merit  for  controllable  fluids 
[14,24]  benefit  from  low  fluid  viscosity,  but  must  be  balanced  with  other  fluid  requirements  such  as 
temperature  range  and  particle  resuspendability.  Because  of  the  inclusion  of  suspension  agents  and 
changes  in  particle  microstructure  during  shear,  most  MR  fluids  exhibit  significant  shear  thinning  [14]. 
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Figure  1.  Shear  stress  versus  applied  field  for  two  commercial  MR  fluids. 


i?  (1^) 

Figure  2.  The  quadratic  dependency  of  MR  fluid  stress  on  particle  saturation  magnetization. 
Each  data  point  corresponds  to  an  MR  fluid  made  from  a  different  iron-based  alloy. 


Magnetic  Properties 

Magnetic  induction  curves,  or  B-H  curves,  of  the  MR  fluids  are  shown  in  Figure  3.  As  can  be  seen, 
the  MR  fluids  exhibit  approximately  linear  magnetic  properties  up  to  an  applied  field  of  about  0.02/|i^ 
A/m  ((i^=47te'’  T-m/A  is  the  permeability  of  a  vacuum).  In  this  region,  the  permeabilities  are  relatively 
constant  at  approximately  5  to  9  times  that  of  a  vacuum.  MR  fluids  begin  to  exhibit  gradual  magnetic 
saturation  beyond  the  linear  regime.  Complete  saturation  typically  occurs  at  fields  beyond  0.4/fi^  A/m. 
The  intrinsic  induction  or  polarization  density  of  MR  fluids  at  complete  saturation  is  (l)j/Tesla, 

where  ({>  is  the  volume  percent  of  particles  in  the  fluid  and  is  the  saturation  polarization' of  the 
particulate  material  [27].  Little  or  no  hysteresis  can  be  observed  in  the  induction  curves.  This 
superparamagnetic  behavior  is  a  consequence  of  the  magnetically  soft  properties  of  the  iron  used  as 
particulate  material  in  these  fluids  and  the  mobility  of  this  particulate  phase. 
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Figure  3.  Magnetic  properties  of  two  commercial  MR  fluids. 

APPLICATIONS 

In  parallel  to  increasing  theoretical  understanding  of  these  materials,  there  has  been  considerable  effort 
over  the  past  decade  to  improve  the  practicality  of  controllable  materials.  MR  fluid-based  devices  have 
recently  enjoyed  commercial  success  in  exercise  equipment  [28,29],  for  vehicle  seat  vibration  control 
[22,25],  for  primary  automotive  suspensions  [30-32]  and  for  industrial  motion  control  [33-35].  In  this 
section  some  of  the  main  application  areas  of  MR  fluids  are  reviewed.  Emphasis  is  placed  on  commercial 
applications.  The  reader  is  also  referred  to  several  review  articles  that  discuss  applications  in  more  detail 
[22,24]. 


Torque  Transfer 

A  main  application  area  for  MR  fluids  is  in  devices  for  torque  transfer  that  include  brakes  and 
clutches  [36-38,28].  Figure  4  shows  a  schematic  of  an  MR  fluid-based  disk-type  brake  (or  clutch,  if  the 
housing  is  allowed  to  rotate).  Other  basic  MR  fluid-based  brake/clutch  geometries,  including  the  so- 
called  concentric  cylinder-type,  are  disclosed  by  Rabinow  [36].  MR  fluid-based  brakes  are  currently 
commercially  available  from  Lord  Corp.  and  have  been  used  in  various  exercise  equipment  [22,28,29]. 
Controllable  fluid-based  brakes  and  clutches  hold  possibility  for  commercial  success  in  various 
automotive  applications  and  tensioning  applications  [39]. 


Current  (A) 

Figure  4.  MR  fluid  rotary  brake  used  in  exercise  equipment. 
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Shock  Absorbing 

Another  main  application  area  for  controllable  fluids  is  in  dampers  and  mounts  for  use  in  semi¬ 
active  or  adaptive  vibration  control  and  snubbing.  There  has  been  interest  in  applying  this  technology  to 
automotive  applications,  such  as  primary  suspension  [30,32,40]  secondary  suspensions  [41,22,25]  and 
engine  mounts  [42,43].  Figure  5  sho\vs  a  schematic  of  an  MR  fluid  damper.  It  can  be  seen  that  the 
operation  of  this  device  is  fundamentally  different  from  that  of  brakes  and  clutches,  in  that  MR  fluid  is 
forced  through  annular  orifices  rather  than  being  directly  sheared.  The  MR  damper  in  Figure  5  is 
currently  sold  within  a  system  for  use  in  vehicle  seat  vibration  control  [25]. 


MR  fluid  filled  automotive  shock  absorbers  are  also  now  commercially  available.  Carrera  sells 
adjustable  MR  fluid  shock  absorbers  for  asphalt  racecars  (Figure  6)  [32,40].  The  ability  for  race  car 
drivers  to  adjust  their  suspension  system  to  various  track  and  tire  conditions  provides  great  advantage. 
Also,  Delphi  Automotive  has  recently  announced  that  they  are  developing  an  MR  fluid  shock  absorber  for 
passenger  automobiles  [44].  Other  applications  of  vibration  control  using  controllable  fluid  dampers 
include  seismic  damping  [45]  and  helicopter  rotor  damping  augmentation  [46,47]. 


Figure  6.  MR  fluid  shock  absorber  used  on  oval-track  race  cars  [44]. 


Motion  Control 

Effective  and  robust  servo  motion  control  has  been  a  challenging  frontier  of  the  pneumatics  industry. 
The  compliance  of  air  lies  at  the  heart  of  this  challenge.  Unlike  hydraulics,  pneumatic  actuators  utilize  a 
highly  compressible  working  fluid  that  is  difficult  to  accurately  valve  and  results  in  a  compliant  actuator. 
These  factors  create  difficulty  in  obtaining  precise  motion  control.  Consequently,  the  vast  majority  of 
pneumatic  actuators  available  are  two-position  (or  bang-bang)  devices  whereby  mechanical  end-stops 
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provide  “preprogrammed”  position  points.  Furthermore,  velocity  control  is  typically  enabled  by  simple 
mechanical  flow  valves.  A  new  concept  for  pneumatic  motion  control  has  been  developed  that  involves 
placing  an  MR  fluid  based  braking  device  functionally  in  parallel  with  a  pneumatic  actuator  [33]. 
Through  closed-loop  feedback  of  a  position  sensor,  accurate  and  robust  motion  control  is  achieved. 
Furthermore,  these  systems  address  many  of  the  problematic  issues  associated  with  other  pneumatic 
motion  control  systems  such  as:  complexity,  compliance  and  sensitivity  to  air  quality. 

Examples  of  linear  and  rotary  actuators  with  MR  fluid  braking  functionality  are  shown  in  Figures  7 
and  8.  The  linear  system  consists  of  tandem  cylinders  in  an  arrangement  analogous  to  “air-over-oil” 
actuators.  In  this  case,  the  oil  stage  comprises  MR  fluid  flowing  through  an  internal  annular  orifice. 
Variable  force  is  generated  when  a  variable  magnetic  field  is  applied  across  the  orifice  via  the  coil  within 
the  piston  head.  The  rotary  system  of  Figure  8  consists  of  a  rack-and-pinion  style  pneumatic  actuator 
with  a  rotary  MR  fluid  brake  attached  directly  to  the  output  shaft.  Similar  rotary  systems  have  been 
developed  based  on  vane-style  rotary  pneumatic  actuators  [49]. 


-Pneumatic  Stage- 


-MRF  Stage- 


Figure  7.  Linear  pneumatic  actuator  with  tandem  MR  fluid  linear  brake. 


Figure  9  illustrates  a  control  system  for  pneumatic  actuators  with  MR  fluid  braking  functionality. 
Typically,  the  pneumatic  control  components  of  such  a  system  will  be  relatively  unsophisticated  thereby 
placing  the  motion  control  burden  on  the  MR  fluid  functionality.  For  example,  simple  directional 
solenoid  valves  are  typically  used.  The  function  of  these  valves  is  to  ensure  that  the  cylinder  is  always 
directed  toward  the  target  position.  A  feedback  control  system  based  on  a  position  sensor  coordinates  the 
state  of  the  valves  and  the  current  to  the  MR  brake.  The  command  sent  to  the  controller  is  typically  a 
target  position  (or  position  profile)  and  a  target  velocity  (or  velocity  profile).  This  command  is  then 
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compared  to  the  actual  position  (and  differentiation  thereof)  to  create  error  signals  upon  which 
conventional  feedback  control  may  be  applied. 

Figure  9  also  shows  typical  control  performance  of  an  MR-pneumatic  actuator  in  response  to  a 
position  command  profile.  The  various  outputs  represent  different  constant  velocity  commands.  The 
linearity  of  the  output  demonstrates  the  ability  of  the  system  to  track  a  constant  velocity  command.  The 
slowest  commanded  velocity  was  slow  enough  that  several  target  positions  were  not  reached  within  the 
allowed  2s.  In  these  cases  the  system  was  commanded  to  change  course  enroute.  Overshoot  can  be  seen 
at  the  fastest  velocity  indicating  that  there  is  a  misbalance  between  system  kinetic  energy  and  available 
braking  energy  within  a  specified  accuracy  tolerance.  This  overshoot  can  be  eliminated  by  reducing 
velocity  or  by  reducing  accuracy  [33]. 


Figure  9.  (a)  MR-pneumatic  motion  control  system:  1  Pneumatic  actuator  with  integrated  MR  braking 
functionality;  2  Position  sensor;  3  Pneumatic  valve(s);  4  Valve  control  (e.g.,  relays,  FETs);  5  Power  amplifier  for 
MR  electromagnet;  and  6  Controller,  (b)  Typical  control  performance:  commanded  position  profile  and  position 
output  behavior  at  various  commanded  velocities. 


CONCLUSION 

The  technology  of  materials  with  field  responsive  rheology  is  currently  enjoying  renewed  interest 
within  the  technical  community  in  terms  of  fundamental  and  applied  research.  Research  efforts  of  the 
past  decade  in  field  responsive  materials  are  beginning  to  pay  off.  There  are  now  several  commercial  MR 
fluids  available.  Recently,  MR  fluid-based  devices  have  enjoyed  commercialization  within  the  exercise, 
transportation  and  manufacturing  industries.  The  emergence  of  new  applications  for  controllable 
materials  and  the  ongoing  commercialization  of  both  materials  and  devices  provide  an  impetus  for 
continued  research  in  this  area. 
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ABSTRACT 

In  micro-robotics  and  for  micro-systems,  one  cannot  simply  scale  down  conventional 
actuators.  Specific  difficulties  like  friction  forces  between  parts  and  the  assembly  have  to  be 
considered  carefiilly  and  need  a  special  design  strategy  adapted  to  this  “micro-world”.  Shape 
Memory  Alloys  (SMA)  have  strong  potential  in  micro  actuators.  So  far,  most  of  SMA  devices 
used  the  SMA  material  as  a  part  of  a  mechanical  system,  which  raised  several  problems  when 
scaling  down.  In  this  paper,  a  concept  of  monolithic  SMA  micro-devices,  which  consists  in 
considering  the  SMA  as  a  mechanical  system  by  itself,  is  presented.  Several  applications  are 
shown  to  illustrate  this  concept. 

INTRODUCTION 

SMA  are  one  of  most  interesting  materials  for  micro  engineering:  SMA  actuators  are 
“smart”  (i.e.  they  can  react  to  their  environment),  solid-state,  easy  to  actuate  and  have  the  highest 
force/weight  ratio  among  all  known  actuators.  Several  SMA  micro-applications  have  been 
developed.  Among  them,  K.  Ikuta  [1]  uses  an  antagonistic  design  where  an  SMA  flat  spring 
deforms  its  counter  part  to  actuate  a  micro-gripper;  M.  Kohl  et  al.  [2]  have  developed  micro- 
valves  with  stress-optimized  SMA  actuators  cut  out  from  a  cold-rolled  sheet  and  S.  Aramaki  et 
al.  [3]  have  designed  a  tube-like  micromanipulator  actuated  with  SMA  plates. 

Unfortunately,  the  shape  memory  effect  is  not  intrinsically  reversible.  If  no  special 
treatment  on  the  material  has  been  carried  out,  an  external  force  must  be  applied  to  deform  the 
material  after  the  shape  recovery.  Therefore,  a  pullback  spring  is  often  used  to  deliver  this 
external  force.  Moreover,  to  initiate  the  shape  change,  a  mechanical  pre-straining  is  also  required. 

In  micro-robotics,  adhesion  forces  like  electrostatic  forces,  which  can  be  neglected  for 
larger  systems,  become  more  important.  Therefore,  the  assembly  of  small  components  becomes  a 
tough  and  expensive  job.  Therefore,  the  smaller  the  device,  the  harder  it  is  to  introduce  a  simple 
pullback  spring  or  to  pre-strain  the  structure.  Moreover,  additional  effects  like  friction  must  be 
considered  carefully. 

To  address  the  challenge  of  miniaturization,  we  have  developed  a  new  concept  for  SMA 
micro-devices  [4].  This  concept  consists  in  considering  the  SMA  not  only  as  a  part  of  a 
mechanism  but  rather  as  a  complete  mechanical  system.  Therefore,  the  device  will  only  consist 
of  one  single  piece  of  material,  which  we  call  “monolithic  SMA  micro-device”. 

To  obtain  a  reverse  motion  without  external  bias  force,  several  solutions  have  been 
proposed  [5]  such  as  the  use  of  the  Two-Way  Shape  Memory  Effect  (TWSME),  a  "push-pull" 
design  or  the  local  heating  and  local  annealing.  All  these  designing  methods  are  part  of  the 
concept  of  monolithic  SMA  devices  and  will  be  presented  in  this  paper  and  illustrated  by  some 
examples  of  applications. 
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THE  CONCEPT  OF  MONOLITHIC  MICRO-DEVICES 


Basic  idea 


In  general,  active  mechanical  systems  consist  of  a  force  generator,  a  coupling  device,  a 
transmission  system,  a  guiding  system  and  an  output  element.  A  “smart  SMA  mechanism” 
should  have  the  same  elements  and  functionalities.  A  monolithic  design  tries  to  integrate  all  these 
functions  within  the  same  piece  of  material. 

As  mentioned  before,  without  special  treatment,  the  shape  memory  effect  is  not 
intrinsically  reversible.  The  martensite  must  be  deformed  preliminarily  to  produce  a  shape 
change  while  heating  up  to  the  parent  phase  (austenite).  The  easiest  way  is  to  use  a  pullback 
spring,  which  deforms  the  SMA  material.  In  a  monolithic  design,  one  region  of  the  material  itself 
has  to  produce  this  biasing  force.  Several  solutions  have  been  proposed  to  do  so  [5]  and  are 
summarized  below. 

The  Two-Way  Shape  Memory  Effect  (TWSMEI  applied  on  small  Hevicp-<i 

Thanks  to  a  thermo-mechanical  treatment  of  the  material,  one  can  introduce  internal 
stress,  which  will  generate  preferentially  oriented  martensite  variants  on  cooling.  In  a  certain 
way,  a  second  shape  is  “memorized”  within  the  material.  A  micro-gripper  for  micro-endoscopes 
assembly  has  been  developed  using  this  principle  [6]  (fig.l).  The  training  process  used  was  a 
constrained  thermal  cycling  of  deformed  martensite. 

The  micro-gripper  is  laser  cut  using  a  Nd-Yag  slab  laser  in  fundamental  mode.  The  basic 
material  is  a  sheet  of  NiTiCu  with  a  thickness  of  0.15  mm.  The  material  is  annealed  at  515°C 
during  15  min.  During  the  training  process,  a  shaft  is  used  to  deform  the  gripper  up  to  4  to  5  %. 
The  maximum  motion  range  is  reached  after  50  cycles.  A  residual  plastic  deformation  is 
observed  and  has  to  be  considered  while  designing  the  gripper.  For  a  hinge  thickness  of  70  |im,  a 
range  of  motion  of  150  |um  is  obtained  (figure  2)  and  a  grasping  force  of  16  mN  is  measured.  The 
force  in  the  opposite  direction  is  approximately  4mN.  Fatigue  experiments  consisting  in  grasping 
and  releasing  cycles  have  shown  that  the  motion  loss  saturates  after  lOO’OOO  cycles.  After 
200’000  cycles,  the  motion  loss  are  10  %  and  the  loss  after  I’OOO’OOO  cycles  are  estimated  to  be 
the  same.  TWSME  is  well  adapted  to  micro-grippers  because  it  has  not  to  deliver  any  force 
during  opening. 


Fig.l  -  The  TWSME  micro-gripper  for  lens 
assembly 


Fig.  2  -  Range  of  motion  versus  temperature 
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Local  heating  of  the  material 


One  part  of  the  material  is  in  the  martensitic  state  while  the  other  is  in  the  austenitic  state. 
The  martensitic  part  can  be  used  as  a  bias  spring.  This  method  requires  a  careful  definition  of 
the  electrical  path  and  of  the  heat  transfer  within  the  structure.  A  realization  is  shown  on  figure  3. 


Fig.  3  -  A  micro-switch:  the  reversible  motion 
is  obtained  by  a  locally  heated  actuating  part. 


This  device  is  an  optical  micro-switch. 
The  motion  can  be  compared  to  a  semaphore. 
After  cutting  the  bridges  (dash  lines)  used  for 
manipulation,  the  structure  is  pre-strained 
(#3).  When  a  current  is  passing  through  the 
structure,  the  active  part  (#1)  is  heated  up  to 
the  transformation  temperature  and  then  pulls 
down  the  shutter  (#4).  On  cooling  down,  the 
bias  spring  (#2)  pulls  back  the  structure 
causing  the  reverse  motion. 

The  range  of  motion  of  the  shutter  is 
about  190  jim.  The  switching  time  in  one 
direction  is  less  than  50  ms  for  a  power 
consumption  of  5  mW. 


The  fabrication  process  is  quite  similar  to  the  one  used  for  the  micro-gripper  presented 
above.  In  that  case,  a  20-ja,m  thick  sheet  of  NiTiCu  is  used  with  the  same  annealing  conditions  as 
described  before. 


Antagonistic  or  **push-PuH”  design 


The  principle  is  to  heat  up  only  one  part  of  the  material  at  a  time.  Depending  on  which 
part  is  heated,  the  device  will  move  in  one  direction  or  the  opposite.  Each  actuating  part  is 
working  against  another  actuating  part. 

A  one  axis  monolithic  linear  stage  has  been  realized  using  a  push-pull  design  (fig.  4).  This 
structure  has  been  laser  cut  with  a  Nd-Yag  Slab  laser  from  a  0.2  mm  sheet  of  NiTiCu  fully 


annealed  at  515°C  for  15  min. 

Each  leaf  spring  (#3  and  #3*)  is  pre¬ 
strained  by  the  movement  of  (#1,  #1  )  in 
order  to  obtain  a  reorientation  of  the 
martensite.  When  passing  a  current  through 
one  spring  (#3  or  #3*)  and  the  fixed  part  of 
the  structure  (#2),  the  spring  pulls  the 
mobile  part  (#5)  in  its  direction.  As  the 
springs  are  mounted  opposite  to  each  other, 
a  two-way  motion  can  be  obtained.  To 
prevent  an  unwanted  motion  due  to 
machining  imperfections  and  non-uniform 
heating,  a  guiding  system  (#4)  has  been 
added.  This  guiding  system  consists  of  two 
serial-mounted  four-links  parallel  linear 
stages. 


Fig.  4  -  One-axis  translation  stage  with 
integrated  guiding  system 
(dimensions  are  36  x  12.4  mm,  the  thickness  of 
the  sheet  is  0.2  mm) 
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The  stiffness  in  the  motion  direction  (X)  is  about  500N/m  when  only  one  spring  is 
powered.  The  range  of  motion  varies  depending  on  the  pre-strain  level  between  0.2  mm  to  0.5 
mm.  The  maximum  recovery  force  is  about  0.2  N,  Typical  performances  are  shown  in  figure  5 
and  figure  6. 


Current  (mA) 

Fig.  5  -  Motion  range  versus  current  passing 
through  the  springs. 


Local  annealing  of  SMA  (LASMAi 


-50  0  50  100  150  200  250  300  350  400  450  500  550 

X  motion  (urn) 

Fig.  6  -  Movement  of  the  output  part  (#5,  on 
fig  4)  in  the  plane.  X  is  the  direction  of 
movement  of  the  linear  stage. 


The  key  idea  is  to  select  and  anneal  the  place  where  a  shape  memory  or  superelasticity  is 
desired  and  to  let  the  remaining  parts  non-annealed.  With  this  method,  different  mechanical 
states  as  well  as  active  and  passive  parts  can  be  introduced  within  a  single  piece  of  material  [6]. 

This  method  can  be  applied  on  SMA  thin  film,  on  cold-rolled  sheets,  on  cold-drawn  wires 
or  others  materials  which  have  been  work-hardened.  In  the  case  of  sputter  deposited  thin  films, 
the  as-deposited  material  is  amorphous  and  an  annealing  process  is  required  to  crystallize  the 
material.  In  the  case  of  the  cold-rolled  sheets,  the  annealing  process  reduces  the  amount  of 
internal  stress.  The  mechanical  behavior  of  cold-rolled  sheet  before  and  after  annealing  in  a 
fiimace  is  shown  in  figure  7. 


0.00  0.01  0.02  0.03  0.04  0.05  0.06  0.07  0.08 

Strain 

Fig.  7  -  Stress-strain  behavior  of  a  cold-rolled 
sheet  before  and  after  annealing  in  a  furnace. 

Figure  8  shows  the  resistance  behavior 


The  local  annealing  can  be 
performed  using  an  electrical  current  or  a 
laser  [6].  Nevertheless,  the  annealing  by 
laser  is  the  most  versatile  and  flexible 
method,  which  can  be  applied  to  nearly  any 
kind  of  shape.  For  an  on-line  control  of  the 
annealing  process,  several  methods  have 
been  tested.  Among  them,  the  resistance 
measurement  during  annealing  seems  to  be 
the  most  efficient,  although  this  method 
requires  an  electrical  connection,  which  does 
not  exist  in  all  cases.  An  alternative  way,  but 
much  more  expensive  and  complex,  is  to  use 
an  infrared  camera  to  control  directly  the 
temperature  distribution  in  the  element, 
of  a  thin  film  micro-device  during  the  laser 


annealing  process.  The  micro-device  is  made  out  of  a  10  jim  sputter-deposited  thin  film.  This 
thin  film  is  amorphous  after  deposition.  A  laser  pulse  of  0.5  s  is  applied.  Three  different  domains 


can  be  seen  on  the  resistance  curve.  The  first  one  is  assumed  to  be  the  consequence  of  the 
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temperature  raises  (region  A).  Then,  the  resistance  decreases  (region  B).  According  to  us,  the 
crystallization  process  occurs  during  this  period.  The  last  part  (region  C)  seems  to  be  the  heat 
dissipation. 


Fig.  8  -  Resistance  change  vs  time  during  the 
annealing  process.  A  power  step  is  applied. 


Moreover,  in  the  case  of  laser 
annealing  thin  films,  we  have  noticed  that  the 
annealing  induced  a  shape  change  of  heat- 
affected  zone:  the  material  is  expanded.  A 
close  examination  has  demonstrated  that  the 
material  has  not  been  locally  melted.  That 
means  that  the  LASMA  process  can  be  used 
to  introduce  at  the  same  time,  a  pre-strain 
within  the  material. 

Figure  9  presents  a  Differential 
Scanning  Calorimetric  (DSC)  measurement 
performed  on  two  samples  cut  out  from  the 
same  piece  of  material. 


The  first  one  has  been  laser-annealed  (inner  curves)  while  the  second  one  has  been 
annealed  under  vacuum  in  a  furnace  at  800®C  during  30  min.  Some  differences  resulting  from  the 
annealing  method  can  be  pointed  out.  Peaks  on  the  LASMA  sample  are  wider  than  for  the 
furnace-annealed  one.  This  might  be  due  to  the  local  non-homogeneity  of  the  temperature 
distribution  around  the  laser  impact.  The  hysteresis  on  the  LASMA  sample  is  shorter  than  on  the 
furnace  annealed-one  (about  5°C  less).  The  different  cooling  condition  might  explain  this 
phenomenon  (the  furnace-annealed  sample  has  not  been  quenched). 

This  new  technology  has  been  applied  for  the  development  of  a  micro-switch.  This  micro¬ 
switch  is  shown  in  figure  10.  The  device  was  cut  out  a  4-microns  thick  sputter  deposited  thin  film 
of  binary  Ni-Ti.  After  being  removed,  from  the  substrate,  the  thin  film  has  a  reproducible 
curvature.  This  curvature  is  used  to  create  a  motion  out  of  the  plane.  The  local  annealing  is 
performed  on  the  middle  bar,  which  expands  and  bends  the  structure  out  of  the  plane.  The 
biasing  stiffness  is  given  by  the  non-annealed  part  of  the  structure  (outside  bar).  Therefore,  the 
LASMA  process  itself  gives  the  mechanical  pre-strain.  The  range  motion  is  in  the  order  of  50 
pm.  The  bandwidth  defined  at  -3dB  varies  between  5  and  10  Hz 


laser 


Fig.  10  -  Micro-switching  device:  the  middle 
bar  has  been  locally  annealed 


This  annealing  process  has  also  been  used  for  developing  new  kinds  of  micro-grippers 
machined  on  cold-rolled  sheet  [6]. 
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DESIGNING  METHODS  OVERVIEW 


Several  methods  for  producing  a  reversible  motion  within  a  monolithic  SMA  device  have 
been  presented.  The  best  method  to  apply  will  depend  on  the  applications  specifications.  The 
table  below  summarizes  some  known  advantages  and  limitations  of  the  different  methods. 

Special  treatments  (ex.  ion  implantation)  or  fabrication  methods  (ex.  melt  spinning)  create 
an  internal  “two-way  shape  memory  effect”.  These  special  treatments  have  not  been  mentioned 
below  because  they  produce  a  global  effect  in  one  direction  like  bimetal  actuators  and  therefore, 
can  only  be  used  for  a  limited  range  of  applications  like  micro-valves  for  example. 


Designing 

methods 

Material 

state 

Pre- 

Strain 

Advantages 

Limitations 

TWSME 

Annealed 

No 

Actuation  methods 

Low  volume  required 

Low  force  in  one  direction 
Training  process 

Local  heating 

Annealed 

Yes 

No  local  treatment 

Low  stiffness  of  martensite 
Special  heating  path 

“Push-Pull” 

Annealed 

Yes 

High  range  motion 

Volume  required 

Local  hardening* 

Annealed 

No 

Stamping  process,  well 
known  in  watch  industry 

Miniaturization 

LASMA 

Amorph, 

No 

High  integrated  design 

Managing  the  annealing 

Work- 

Hardened 

Yes 

Different  annealing 
condition 

process 

The  local  hardening  is  the  exact  reverse  effect  of  the  LASMA  applied  on  cold-rolled  sheet. 


CONCLUSION 

Designing  micro-devices  requires  suitable  methods,  which  take  into  account  the  small 
size  of  components  and  the  specific  problems  related  to  the  “micro-world”.  The  concept  of 
monolithic  SMA  micro-devices  helps  to  design  small-devices  and  is  a  step  forward 
miniaturization  and  higher  integration.  Nevertheless,  it  requires  new  solutions  to  create  reversible 
motion  effect  and  therefore  make  the  monolithic  SMA  an  actuator.  Among  all  the  proposed 
methods,  the  laser  annealing  of  SMA  is  the  most  promising. 
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ABSTRACT 

Both  the  longitudinal  (LA)  Brillouin  back-scattering  spectra  and  dielectric  permittivity  along 
the  [001]  direction  have  been  measured  as  a  function  of  temperature  for  a  relaxor  ferroelectric 
single  crystal  (PbMgi/3Nb2/303)o.68(PbTi03)o.32  (PMN-32%PT).  A  sharp  ferroelectric  phase 
transition  (which  is  associated  with  a  Landau-Khalatnikov-like  phonon  damping  maximum)  was 
observed  near  445  K.  As  temperature  increases,  a  diffuse  phase  transition  was  detected  near  280 
K.  In  addition,  the  nature  of  the  thermal  hysteresis  for  the  dielectric  permittivity  confirms  that 
these  transitions  (near  280  and  445  K  for  heating  procedure)  are  diffuse  first-order  and  first-order, 

M 

respectively.  The  dielectric  data  S(.{f,T)  prove  the  existence  of  an  electric  dipolar  relaxation 
process  below  300  K. 

INTRODUCTION 

Relaxor  ferroelectrics  generally  mean  the  complex  perovskites  with  ABOs-type  unit  cell  and 
are  ciystals  in  which  unlike-valence  cations  belonging  to  a  given  site  (A  or  B)  are  presented  in  the 
correct  ratio  for  charge  balance,  but  are  situated  randomly  on  these  cation  sites,  These  randomly 
different  cation  charges  give  rise  to  random  fields.  These  random  fields  tend  to  make  the  phase 
transitions  “diffuse”  instead  of  sharp  as  in  normal  ferroelectrics.^'*  Lead  magnesium  niobate, 
Pb(Mgi/3Nb2/3)03  (PMN),  is  one  of  the  most  interesting  relaxor  ferroelectric  (FE)  material. 
PMN  has  a  disordered  complex  structure  in  which  the  Mg^^  and  Nb^"^  cations  exhibit  only  short 
range  order  on  the  B-site.  PMN  undergoes  a  diffuse  phase  transition  around  280  K  in  the 
dielectric  permittivity  and  has  cubic  symmetry  at  room  temperature  with  space  group  Pm3m, 
whereas  below  200  K  a  small  rhombohedral  distortion  (or  pseudo-cubic  structure)  was 
observed.  The  normal  ferroelectric  PbTi03  has  tetragonal  symmetry  with  space  group  P4mm 
at  room  temperature  and  has  a  sharp  FE  phase  transition  taking  place  at  Tc=160  K.* 

The  mixed  solid  solution  (PbMgi/3Nb2/303)i-x(PbTi03)x  (PMN-xPT)  naturally  has  a 
morphotropic  phase  boundary  [tetragonal  FE  ordering -o  rhombohedral  FE  ordering],  where 
huge  dielectric  and  piezoelectric  constants  appear,  as  is  similar  to  the  case  in  the  PbZr03-PbTi03 
(PZT)  system.''’^  The  values  of  the  piezoelectric  constants  and  the  electromechanical  coupling 
factors  so  far  reported  for  the  PMN-xPT  single  crystals  are  larger  than  those  in  the  PZT  family  of 
ceramics.'*'^  Several  papers  have  reported  the  large  piezoelectric  constants  (i/33>1500x  10'*^ 
C/N)  and  electromechanical  coupling  parameters  {h-i>10  %)  of  PMN-PT  based  single  crystals. 
Single  crystal  growth  of  PMN-PT  by  the  flux  technique  is  also  considerably  easier  than  for  PZT 
which  makes  PMN-PT  a  promising  material  for  high  performance  transducers.  However,  as  far 
as  we  know,  there  is  no  study  correlating  the  properties  of  acoustic  phonons  as  a  function  of 
temperature  for  PMN-PT  type  crystals.  In  particular,  the  understanding  of  dielectric  anomalies 
near  the  morphotropic  phase  boundary  [tetragonal  S5nnmetry  rhombohedral  symmetry]  is  still 
lacking.  This  motivated  us  to  carry  out  measurements  of  Brillouin  scattering  and  dielectric 
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permittivity  on  PMN-32%PT  to  look  for  both  hypersonic  and  dielectric  behaviors.  Specially, 
direct  evidence  for  an  acoustic  phonon  soft  mode  near  the  phase  transition  (cubic  paraelectric 
phase  tetragonal  FE  phase)  is  presented. 

EXPERIMENTAL  PROCEDURE 

The  lead  magnesium  niobate-lead  titanate  single  crystal  PMN-32%PT  was  grown  by  the 
high  temperature  flux  solution  method.  The  sample  was  not  electrically  poled  and  was  cut 
perpendicular  to  the  [001]  direction  (i.e.  c  axis).  The  sample  dimensions  are  5x5x2  mm^. 
The  Brillouin  spectra  were  obtained  from  the  back-scattering  geometry  with  configuration 
z{yu)z .  “m"’  means  that  the  collection  was  not  polarization  discriminated.  Here,  and  z 
correspond  to  the  crystal  b-  and  c-axes,  respectively.  The  sample  was  illuminated  along  [001] 
with  an  Innova  90  plus- A3  argon  laser  with  wavelength  1=514.5  nm,  so  the  longitudinal 
phonons  with  wave  vector  along  [001]  were  studied.  The  laser  line  half-width  (for  1=514.5 
nm)  is  about  0.02  GHz  determined  by  the  spectrometer.  Scattered  light  was  analyzed  by  a 
Burleigh  five-pass  Fabry-Perot  interferometer.  The  free  spectral  range  (FSR)  of  the  Fabry-Perot 
interferometer  was  determined  from  measuring  the  longitudinal  acoustic  phonon  shift  of  fused 
quartz  with  the  S/H  ratio  greater  than  50.  The  Brillouin  scattering  data  were  taken  during  a  step 
heating  process.  To  avoid  sample  heating,  the  laser  power  incident  on  the  sample  was  kept  less 
than  120  mW.  For  measurements  (including  both  heating  and  cooling  processes)  of  dielectric 
permittivities,  the  sample  surfaces  were  coated  with  silver  paste  electrodes  and  a  Wayne-Kerr 
Precision  Analyzer  Model  PMA3260A  with  four-lead  connections  was  used  for  the  frequency 
range  500  Hz-2.5  MHz.  A  Janis  Model  CCS-450  closed  cycle  refngerator  was  used  with  a 
Lakeshore  Model  340  temperature  controller  for  both  above  temperature-dependent 
measurements.  The  heating  rate  for  dielectric  measurement  is  1 .5  K/min. 

RESULTS  AND  DISCUSSION 

Figs.  1(a)- 1(c)  show  the  temperature  dependences  (heating  run)  of  the  LA[001]  phonon 
frequency  shift,  half-width  and  the  real  part  of  dielectric  permittivity,  respectively.  Due  to 
the  weak  intensity  factor  (the  signal/noise  ratio  of  Brillouin  scattering  spectra  is  about  2  for 
PMN-32%PT),  and  uncertainty  of  collection  angle  which  can  appreciably  broaden  and  distort  the 
Brillouin  line  shape,  the  frequency  shift  and  half-width  data  (Figs,  la  and  lb)  show  scatter.  The 
phonon  frequency  shows  two  successive  minimum  dips  near  280  and  445  K  (where  is  associated 
with  a  sharp  damping  maximum),  respectively. 

Figs.  2(a)  and  2(b)  shows  the  temperature  dependences  of  the  real  and  imaginary  parts  ( 
and  Sc  )  of  the  dielectric  permittivity  for  the  frequency  range  10  kHz-1  MHz  upon  heating.  The 
insets  of  Fig.  2  are  enlargements  of  both  and  s^  to  clarify  the  dispersion  behaviors  for 
temperatures  below  410  K.  Compared  with  the  prototypical  relaxor  ferroelectric  crystal 
Pb(Mgj/3NbM)03  (PMN)  which  has  a  diffuse  phase  transition  near  280  K,  PMN-32%PT  exhibits 
a  much  narrower  frequency  dispersion  and  stronger  maximum  of  dielectric  constant  near  445  K 
due  to  the  PT  content.  For  temperature  below  300  K,  a  broad  dispersion  anomaly  (with  much 
weaker  dielectric  constant)  appears  in  both  and  Fig.  3  shows  the  temperature- 
dependent  data  of  Sc  from  cooling  and  heating  processes  at  measuring  frequency /=50  kHz. 
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Figure  1  (a)  Brillouin  frequency  shift  (open  circles),  (b)  half-width  (solid  circles)  and  (c)  the  real 
part  of  dielectric  permittivity  vs.  temperature.  The  dielectric  data  is  taken  at  measuring 
frequency /=50  kHz  upon  heating.  The  dashed  lines  are  guides  for  the  eye. 


Two  clear  thermal  hystereses  were  observed  in  the  regions  of  ~1 50-300  K  and  ~3 80-460  K, 
respectively.  The  inset  (a)  of  Fig.  3  shows  the  reciprocal  of  in  which  a  typical  dielectric 
behavior  of  first-order  FE  phase  transition  appears  near  445  K.^  The  inset  (b)  of  Fig.  3  shows 
the  enlargement  of  to  clarify  the  thermal  hysteresis  between  150  and  300  K. 

What  are  the  origins  of  the  temperature-dependent  Brillouin  spectra  and  dielectric 
phenomena  shown  in  Figs.  1-3  for  PMN-32%PT  near  445  K?  For  a  typical  FE  phase  transition, 
the  transition  temperature  occurs  where  the  frequency  shift  curve  of  acoustic  phonon  has  an 
abrupt  change.^’^°  In  PMN-32%PT,  the  acoustic  phonon  frequency  (Fig.  la)  reaches  a  sharp 
turning  point  near  445  K,  The  real  part  of  dielectric  permittivity  (Fig.  Ic)  also  exhibits  a 
steep  change  and  an  obvious  thermal  hysteresis  in  the  same  temperature  region.  In  addition,  a 
sharp  damping  maximum  (Fig.  lb)  which  can  be  associated  with  the  Landau-Khalatnikov-like 
maximum,  was  detected  near  445  K.  Such  a  damping  anomaly  is  usually  attributed  to  a  rapid 
growth  of  long-range  electric  ordering.  Thus,  we  conclude  that  the  PMN-32%PT  single  crystal 
possesses  a  sharp  first-order  ferroelectric  phase  transition  at  T  c~  445  K.  This  value  is 
reasonably  consistent  with  the  transition  temperature  435±5  K  (cubic  paraelectric  phase  o 
tetragonal  FE  phase)  predicated  from  the  morphotropic  phase  boundary  (IVCPB)  in  Ref  8. 
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Figure  2  Temperature  dependences  of  (a)  the  real  part  and  (b)  the  imaginary  part  of  the 
dielectric  permittivity  upon  heating.  The  insets  are  enlargements  for  (a)  and  (b)  e[ . 


Figure  3  Thermal  hysteresis  of  the  real  part  of  the  dielectric  permittivity  taken  at  measuring 
frequency /=50  kHz.  The  insets  are  (a)  the  reciprocal  of  and  (b)  the  enlargement  of  f  ’  . 
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Ferroelectric  transitions  are  known  to  be  associated  with  a  soft  mode  of  lattice  motion. 
Lines  and  Glass  pointed  out  that  if  the  transition  is  strongly  first-order,  mode  softening  may  not  be 
detectable.^  Thus,  the  phase  transition  near  445  K  (paraelectric  phase  <->FE  phase)  should  be 
weak  first-order.  We  note  that  a  zone-center  (^0)  acoustic  soft  mode  in  the  reduced  Brillouin 
zone  of  the  reciprocal  sublattice  always  has,  for  a  second-order  transition,  a  zero  frequency  on 
approaching  from  the  ordered  phase,  i.e.  T~ .  Therefore,  the  nonzero  minimum  of 
phonon  frequency  near  445  K  implies  either  a  weak  first-order  transition  or  that  the  structural 
instabilities  must  be  associated  with  a  more  complicated  mode. 

In  the  lower  temperature  region,  the  acoustic  phonon  frequency  reaches  a  weaker  turning 

point  near  280  K.  The  (Fig.  2)  exhibits  a  gradual  change  with  an  extensive  frequency 

dispersion  and  an  thermal  hysteresis  in  the  same  temperature  region.  The  shows  a  relatively 
pronounced  frequency  dispersion.  A  similar  acoustic  phonon  anomaly  was  also  seen  in 
Pb(Mgi/3Nb2/3)03  (PMN).'”  In  the  supposedly  disordered  PMN  crystal,  a  nanometric 
microstructure  with  1:1  cation  ordering  was  reported."’^^  Such  1:1  ordering,  when 

charge  neutrality  requires  1:2  stoichiometry,  implies  locally  charged  regions  causing  fields  which 
can  induce  order  parameter  fluctuations.  Thus,  the  diffuse  transition  near  280  K  (upon  heating) 
could  be  triggered  by  the  local  structural  fluctuations,  perhaps  between  rhombohedral  and 
tetragonal  local  symmetries.  We  call  this  a  first-order  transition  for  two  reasons.  First,  the 
thermal  hysteresis  in  the  dielectric  permittivity  shows  that  the  system  is  metastable  in  this 
temperature  region.  Metastability  can  occur  for  first-  but  not  second-order  transitions.  Second, 
the  point  groups  of  the  tetragonal  and  rhombohedral  phases  do  not  have  a  group-subgroup 
relation,  so  a  transition  between  these  phases  must  be  of  first  order. 

Measurements  below  300  K  proved  the  existence  of  frequency  dispersion  in  the  dielectric 
permittivities,  which  are  shown  in  the  Figs.  2(a)  and  2(b),  respectively.  These  dispersion 
behaviors  confirm  the  existence  of  a  relaxation  process  below  300  K.  It  was  found  that  this 
relaxation  obeys  the  exponential  Vogel-Fulcher  equation:  f  = 

Here /is  the  measured  frequency, is  the  attempt  frequency,  and  £„  is  the  activation  energy  for 
orientation  of  electric  dipoles.  To  is  the  Vogel-Fulcher  temperature  and  Tg  is  the  temperature 
where  the  ^  reaches  its  maximum.  Fig.  4  shows  the  reciprocal  temperature  dependences  of 
measuring  frequency.  The  solid  lines  are  fits  of  Vogel-Fulcher  equation  with  parameters: 
£fl~158  meV,/o~2.4  x  10*^  Hz,  To~%5  K  (heating  run)  and  Ea~9\  meV,/,~2.4  x  10^^  Hz,  7;~135 
K  (cooling  run),  What  is  the  significance  of  these  parameters?  First,  the  attempt  frequency  is 
in  the  usual  range  for  vibration  frequency.  Second,  Eg  is  an  average  activation  energy  for 
various  clusters  in  this  partly  disordered  system  to  reorient,  perhaps  between  rhombohedral  and 
tetragonal  local  symmetries.  Third,  To  is  the  temperature  at  which,  based  on  an  unjustified 
extrapolation  of  the  Vogel-Fulcher  formula  beyond  the  range  of  the  data,  all  reorientation  would 
cease.  The  Vogel-Fulcher  formula  fits  better  than  the  Arrhenius  formula  reflects  the  fact  that,  as 
temperature  decreases,  a  greater  number  of  cooperative  steps  must  occur  in  the  course  of  a 
typical  reorientation  event. 

CONCLUSIONS 

Two  successive  phase  transitions  are  evidenced  near  445  K  (paraelectric  phase  oFE  phase) 
and  280  K  (a  diffuse  phase  transition).  A  frequency  dip  and  a  sharp  Landau-Khalatnikov-like 
damping  maximum  were  observed  near  445  K.  These  anomalies  imply  that  a  rapid  growth  of 
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Figure  4  Measuring  frequency  vs.  1000/T.  “7”'  is  the  temperature  corresponding  to  the 

maximum  value  of  e]  below  300  K.  The  solid  lines  are  fits  of  Vogel-Fulcher  equation. 

long-range  FE  ordering  takes  place  near  445  K.  The  thermal  hysteresis  behaviors  of  dielectric 
permittivity  confirm  that  both  phase  transitions  (near  280  K  and  445  K  upon  heating)  are  difilise 
first-order  and  first-order,  respectively.  The  frequency-dependent  dielectric  data  sl{f  ,T) 
proved  the  existence  of  an  electric  dipolar  relaxation  process  below  300  K. 
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ABSTRACT 

A  new  method  of  packaging  fiber  Bragg  gratings  to  stabilize  their  wavelength 
over  temperature  variations  was  developed  using  a  grating  mount  fabricated  fi*om 
zirconium  tungstate  (ZrWgOg),  a  ceramic  with  a  negative  coefficient  of  thermal 
expansion  (CTE).  The  principle  of  operation  is  bas^  on  the  differences  in  CTE  of  the 
Bragg  grating  and  grating  mount,  with  the  mount  serving  as  a  compensator  for  the 
thermo-optic  effects  of  the  fiber.  As  the  temperature  is  elevated,  the  refractive  index 
of  the  grating  increases,  shifting  the  reflection  wavelength  to  longer  wavelength.  At 
the  same  time  the  ceramic  grating  mount  contracts  relieving  some  of  the  tension  on 
the  grating,  causing  a  shift  to  shorter  wavelength.  Since  these  two  effects  offset  each 
other,  the  thermal  wavelength  shift  of  the  grating  can  be  minimized  or  even 
eliminated.  In  addition  to  a  description  of  the  temperature-compensating  device,  the 
properties  of  zirconium  timgstate  are  briefly  discussed  with  emphasis  on  the 
processing  of  the  ceramic  grating  mount.  TTiermal  analysis  data  is  given  for 
zirconium  tungstate  with  6%  pol5mer  binder  addition. 

INTRODUCTION 

Fiber  optic  sensor  systems  are  frequently  employed  as  reflective  time  division 
multiplexing  (TDM)  sensors.  These  sensors  utilize  mtdtiple,  partially  reflective 
mirrors  in  a  single  fiber  to  eliminate  the  couplers  common  to  most  forms  of  fiber 
sensor  arrays  and  thus  greatly  simplifies  array  fabrication.  Replacement  of  the 
broadband  partial  mirrors  in  Dakin  et  al.  [1]  with  Bragg  gratings,  and  the  use  of 
grating  pairs  or  groups  at  mviltiple  wavelengths  allow  a  greater  number  of  sensors  per 
fiber  and  reduce  array  crosstalk. 

This  type  of  hydrophone  sensor  has  been  constructed  with  the  form  shown  in 
Figure  1.  A  pair  of  fiber  gratings  of  matching  wavelength  with  a  fiber  span  between 
them  form  the  sensor  interferometer.  The  fiber  is  wrapped  radially  aroimd  an  air- 
filled  cylindrical  mandrel.  Acoustic  pressure  compresses  the  mandrel  and  changes 
the  length  of  the  fiber,  resulting  in  a  phase  change  detected  by  the  interferometer.  In 
a  large  hnear  hydrophone  array,  one  hydrophone  may  be  connected  to  the  next  by  a 
flexible  interlink.  A  fiber  containing  multiple  sets  of  Bragg  gratings  and  sensor  spans 
can  then  be  wound  to  form  one  hydrophone,  wound  across  an  interlink  to  the  next 
hydrophone,  wound  to  form  the  next  hydrophone,  and  so  forth.  In  this  way,  large 
linear  hydrophone  arrays  can  be  constructed  in  an  automated  and  low-cost  manner. 

Tlie  objective  is  to  multiplex  a  large  number  of  sensors  using  wavelength 
division  miiltiplexing  (WDM).  This  requires  relatively  narrow  bandwidth  Bragg 
gratings.  It  is  necessary  that  the  narrow  linewidth  interrogation  laser  remains 
aligned  to  both  gratings,  despite  temperature  changes  that  can  shift  the  response  of 
the  Bragg  gratings.  A  temperature  compensation  package  that  is  compatible  with 
the  radial  winding  of  the  sensor  fiber  is  required  for  the  gratings. 

Here,  we  report  a  radial  temperature  compensation  package  for  Bragg 
gratings.  A  unique  ceramic  with  a  negative  coefficient  of  thermal  expansion  is  used  to 
offset  the  thermo-optic  coefficient  of  the  fiber  Bragg  grating.  The  principle  is  equally 
appUcable  to  other  non-radial  geometries. 
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Figure  1.  Hydrophone  array  construction  with  radial 
grating  temperature  compensation  package 

Device  Description 

Fiber  Bragg  gratings  experience  a  shift  of  their  reflection  wavelength  with 
temperature  given  by  equation  (1), 

a  =  (a +  5)  AT,  (1) 

where  AT  is  the  temperature  change,  a  is  the  coefficient  of  thermal  expansion  (CTE) 
of  the  fiber,  and  ^  is  the  thermo-optic  coefficient.  The  coefficients  for  sihca  glass  fiber 
are  0.55  x  10  ®/°C  and  8.31  x  10  ®/°C,  respectively.  The  total  is  dominated  by  the 
thermo-optic  coefficient  resulting  in  a  0.7  nm  shift  for  a  Bragg  grating  at  1550  nm  for 
a  50C°  shift  in  temperature.  This  shift  is  significant  compared  to  the  standardized 
0.8  nm  dense  WDM  channel  spacings. 

The  temperature  compensating  grating  package  is  shown  in  Figure  1.  A 
cylindric^  body  of  zirconium  tungstate  ceramic  is  designed  to  mount  on  the  end  of  the 
sensor  with  an  appropriate  outer  diameter  that  allows  the  sensor  fiber  to  be  woimd 
directly  fi*om  the  sensor  mandrel  onto  the  ceramic  grating  moimt.  The  fiber  is  wound 
onto  the  grating  mount  under  tension  and  attached  to  the  mount  with  a  cover  layer  of 
epoxy.  The  zirconium  timgstate  with  its  negative  CTE  offsets  the  thermo-optic 
coefficient  of  the  fiber.  As  the  temperature  rises,  the  refractive  index  of  the  grating 
increases,  shitog  the  reflection  wavelength  to  a  longer  wavelength.  On  the  other 
h^d,  the  grating  mount  shrinks  to  relieve  some  of  the  tension  on  the  grating  so  that 
shifting  to  shorter  wavelength  appears.  These  two  opposing  effects  offset  each  other 
to  reduce  the  thermal  shift  of  the  grating. 

Properties  of  Zirconium  Tungstate 

Zirconium  tungstate  (ZrWaOg),  first  reported  by  Graham  et  al.  [2],  is  a  complex 
oxide  that  exists  as  three  polymorphs  whose  properties  [4,5]  are  summarized  in 
Table  I.  The  alpha  form  of  ZrWgOg  has  cubic  symmetry  and  is  stable  in  the 
temperature  range  from  -270^^0  to  155°C.  At  155®C  it  undergoes  a  second  order 
phase  transition  to  a  disordered  phase  known  as  the  beta  polymorph.  This  is 
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accompanied  by  a  decrease  in  its  CTE  by  almost  a  factor  of  2.  If  the  temperature  of 
ZrWgOg  exceeds  780°C,  decomposition  occurs  and  the  resulting  CTE  of  the  products 
becomes  positive.  When  a-ZrWgOg  is  subjected  to  pressures  greater  than  30,000  psi 
at  room  temperature,  it  transforms  to  the  gamma  polymoi^h  with  orthorhombic 
symmetry  that  readily  reverts  back  to  the  alpha  form  upon  heating  above  120®C. 


Table  L  Properties  of  zirconium  tungstate 


Polymorph 

Crystal  symmetry 

CTE 

(10-*/°C) 

Transition  temperature  (°C) 

alpha 

cubic 

-8.8 

155  (conversion  to  beta) 

beta 

cubic 

-4.9 

780  (decomposition) 

gamma* 

orthorhombic 

_ i_ 

a:  -1.88 
b:  -0.68 
c:  -0,92 

120  (reversion  to  alpha) 

*  high  pressure  form 


EXPERIMENTAL 

Fabrication  of  Grating  Mount 

Unlike  most  ceramic  oxides,  ZrWgOg  cannot  be  sintered  to  the  density  and 
hardness  that  are  usually  required  for  ceramic  applications  due  to  its  relatively  low 
decomposition  temperature  of  780°C.  Traditionally,  organic  binders  have  been  used 
to  aid  in  the  sintering  of  ceramics  at  high  calcination  temperatures,  usually  exceeding 
1000°C.  In  the  case  of  ZrWgOg  the  addition  of  a  binder  followed  by  calcination  at 
750°C  (limited  by  the  decomposition  temperature)  did  not  result  in  a  material  with 
sufficient  mechanical  strength.  To  circumvent  this  problem  a  new  approach  has 
been  tried  that  involved  addition  of  a  binder  with  subsequent  heat  treatment  at  low 
temperatme. 

ZrWaOg  was  obtained  as  a  polycrystalline  powder  from  Wah  Chang,  Inc.  The 
phase  composition  of  the  powder  was  analyzed  by  x-ray  diffraction  with  a  Siemens 
6000  diffractometer.  The  decomposition  temperature  for  ZrWgOg  was  confirmed  by 
thermogravimetric  analysis  (TGA)  using  a  Dupont  thermogravimetric  analyzer, 
Model  Hi-Res  TGA  2950  and  its  coefficient  of  thermal  expansion  was  determined 
using  a  Dupont  thermomechanical  analyzer,  Model  TMA  2840.  Duramax  B-1031,  a 
polyacrylate,  was  obtained  from  Rohm  and  Haas,  Co.  and  used  as  a  binder  in  the 
sintering  experiments. 

A  cylindrical  pellet  (19  mm  in  diameter  x  6  mm  in  thickness)  was  prepared 
from  a  mixture  of  ZrWgOg,  Duramax  B-1031  and  distilled  water  [3].  Approximately 
7.0  grams  of  ZrWaOg  and  0.35  g  of  binder  were  ground  together  using  a  mortar  and 
pestle.  After  being  thoroughly  homogenized,  0.5  g  of  water  was  added  and  all  contents 
were  ground  togeffier.  The  mixture,  which  had  a  paste-like  consistency,  was 
transferred  to  a  cylindrical  uniaxial  die  mounted  in  a  laboratory  press.  The  mixture 
was  pressed  at  23,000  psi  for  30  seconds.  The  pellet  was  then  removed  from  the  die 
and  placed  in  a  200®C  drying  oven  for  3  hours. 
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Measurement  of  Bragg  Grating 


The  wavelength  shift  of  the  Bragg  grating  and  temperature  compensation 
pack^  was  measured.  The  spontaneous  emission  from  an  Erbium  doped  fiber 
amplifier  (EDFA)  illuminated  ^e  gating  throu^  a  fiber  coupler  and  the  reflected 
signal  was  measured  using  an  optical  spectrum  analyzer.  The  package  temperature 
was  varied  and  the  peak  wavelength  of  the  grating  reflection  was  recorded. 

RESULTS 

The  calcined  ZrWgOg  pellet  was  dark  brown  in  color  and  appeared  to  have  good 
chip  resistance  and  hardhess.  The  low  processing  temperature  prevented  burnout  of 
the  polymer  binder,  and  the  binder  remained  thermally  stable  over  the  useable 
temperature  range  of  the  device  which  did  not  exceed  200°C.  Figure  2  shows  a  plot  of 
linear  expansion  versus  temperature  for  ZrWgOg  with  polymer  binder. 


Figure  2.  Thermal  expansion  of  zirconium  tungstate 
with  polymer  hinder 


It  is  shown  that  there  is  a  noticeable  inflection  at  approximately  155°C  that 
can  be  attributed  to  the  alpha-beta  phase  transition.  The  GTE  of  the  alpha  poly¬ 
morph,  calculated  from  the  slope  in  the  -50°C  to  126°C  region,  was  determined  to  be 
-7.8  x  10'®/“C.  This  value  is  slightly  lower  than  the  literature  value  of -8.8  x  10'®/°C 
for  pure  ZrWgOg.  However,  the  GTE  -8.2  x  10  ®/°G,  calculated  from  the  slope  in  the 
region  (165°G  to  200°G)  representing  the  beta  phase,  was  somewhat  higher  than  the 
literature  value  of  -4.9  x  10‘®/®G. 
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Figure  3  shows  the  wavelength  variation  versus  temperature  for  an 
unmounted  grating  and  a  temperature-compensated  grating.  The  temperature 
sensitivity  of  the  grating  with  the  thermal  compensator  package  has  been 
significantly  reduced.  The  0.1  nm  variation  exhibited  between  0°C  and  50°C  is 
sufficient  for  a  dense  WDM  system  operating  at  the  ITU  100  GHz  grid.  The  slight 
decrease  in  wavelength  at  higher  temperature  suggests  that  the  package  over¬ 
compensates  the  thermo-optic  effect. 


Temperature ( "C ) 

Figure  3,  Bragg  grating  reflection  versus  temperature  for  the 
grating  mounted  on  the  temperature  compensating  ptMokage 

CONCLUSIONS 

A  Bragg  grating  temperature  compensation  package  based  on  zirconium 
timgstate  possessing  a  negative  GTE  was  studied.  A  ceramic  disk  of  ZrWgOg 
produced  via  a  low-temperature  processing  method  was  incorporated  as  part  of  a 
cylindrical  package  consisting  of  radial  wrapped  optical  fiber.  This  cylindrical 
package  being  compatible  with  the  construction  of  fiber  mandrel-based  hydrophones, 
not  only  eliminated  the  normal  shift  of  Bragg  grating  wavelength  with  temperature 
but  tended  to  overcompensate  it.  This  result  shows  that  it  should  be  possible  to  tailor 
the  GTE  of  ZrWgOg  by  adding  compoitnds  of  a  positive  GTE  (such  as  aluminum  oxide), 
thus  allowing  the  overall  GTE  of  the  mixture  to  be  adjusted  to  a  value  less  than  that 
of  ZrWgOg  by  itself. 
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ABSTRACT 

Suspension  assemblies,  the  mechanical  arm  that  supports  the  read/write  head  in  a  Hard 
Disk  Drive  (HDD),  are  incorporating  piezoelectric  motors  for  dual-stage  actuation.  With  high 
displacements  and  high  Curie  Temperatures,  lead  zirconium  titanate  (PZT)  is  the  preferred 
piezoelectric  material  for  this  application.  In  this  study,  commercially  available  PZT  is  studied 
for  critical  material  properties  that  include  strength,  aging  and  particulate  generation.  An  average 
PZT  strength  of  1 1 1 .7  MPa  and  a  Weibull  parameter  (m)  of  12.18  was  measured  for  the  material. 
Aging  rates  of  the  dielectric  constant  vary  between  1.9  to  3.2  %  per  time  decade  depending  on 
the  test  condition.  The  attachment  of  PZT  motors  to  the  suspension  assembly  provides  a  method 
of  sensing  suspension  resonance,  shock  and  temperature  fluctuations.  Fast  Fourier  Transform 
(FFT)  analysis  of  voltage  generation  of  the  PZT  during  drive  operation  identified  a  fi^equency  of 
6509  Hz  that  is  within  0.2%  of  the  measured  resonance  frequency  of  the  suspension.  The  PZT 
generated  several  volts  for  shock  events  between  500  to  2000  G’s  of  the  suspension.  Implications 
of  the  material  parameters  and  potential  sensing  capabilities  of  the  PZT  are  discussed. 

INTRODUCTION 

Track  density,  the  number  of  recording  lines  per  inch  as  measured  along  the  radius  of  a 
disk,  continues  to  increase  at  a  rate  of  approximately  30%  per  year  in  the  HDD  industry.  In  order 
to  maintain  this  rate  of  growth,  advanced  tracking  technologies  will  need  to  be  implemented  in 
the  next  2  to  3  years.  One  of  the  most  promising  solutions  to  this  problem  is  a  dual-stage 
actuator.  A  dual-stage  actuator  utilizes  both  the  traditional  voice  coil  motor  (V CM)  actuator  and 
a  secondary  actuator  that  is  located  between  the  VCM  and  read/write  head.  Servo  positioning 
systems  in  today’s  volume  production  drives  demonstrate  track  widths  of  2  pm,  track  densities 
near  13,000  tracks  per  inch  (tpi)  and  servo  bandwidths  of  500-800  Hz.  Dual-stage  actuation 
systems  are  targeting  track  widths  of  less  than  1  pm,  track  densities  greater  than  100,000  tpi  and 
servo  bandwidths  greater  than  2000  Hz.[l] 

Several  types  of  dual  stage  actuators  are  under  consideration  by  the  HDD  industry  [2-4]. 
These  actuators  are  distinguished  by  the  location  of  the  actuator  and  the  mechanism  of  actuation. 
Suspension-based  dual-stage  actuators  that  utilize  piezoelectric  ceramic  material  are  fast 
emerging  as  strong  candidates  for  early  introduction.  These  dual-stage  actuators  offer  both  a  cost 
efficient  solution  and  a  feasible  route  for  volume  production.  Fig.  1  is  an  illustration  of  a 
suspension-based  dual-stage  actuator,  actuated  Trace  Suspension  Assembly  (aTSA).  The  aTSA 
has  two  piezoelectric  motors  that  are  adhered  along  the  length  of  the  suspension.  Application  of 
voltage  to  the  piezoelectric  motors  results  in  the  expansion  of  one  motor  and  the  contraction  of 
the  other  motor  leading  to  the  lateral  actuation  of  the  suspension. 

The  piezoelectric  motors  are  comprised  of  single-layer  lead  zirconium  titanate  (PZT)  and 
operate  in  a  dji  mode  expansion/contraction.  Several  material  properties  are  needed  for 
successful  incorporation  of  PZT  material  onto  a  suspension  assembly.  These  properties  include: 
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1)  sufficient  PZT  strength  for  processing  and  operating  conditions,  2)  stable  piezoelectric 
properties  for  minimum  actuation  requirements,  and  3)  PZT  cleanliness  for  reduction  of 
particulate  contamination.  The  attachment  of  PZT  material  to  the  suspension  assembly  allows  for 
the  PZT  to  be  used  as  a  sensor.  PZT  sensors  have  been  attached  to  suspension  assemblies  in  the 
past  as  a  way  of  detecting  asperities  in  the  disk  surface  [5].  In  this  study,  the  PZT  produces 
voltages  from  natural  resonance  frequencies  and  external  shock  events,  thus  allowing  the 
suspension  to  detect  such  events.  Since  the  dielectric  constant  of  the  material  changes  with 
temperature,  the  capacitance  of  the  motors  may  be  used  as  a  temperature  sensing  device.  Material 
properties  and  application  of  the  PZT  motors  as  sensing  devices  will  be  discussed  in  this  paper. 


Fig.  1.  Schematic  illustration  of  an  actuated  TSA  (aTSA)  suspension  assembly. 

EXPERIMENT 

Polycrystalline  wafers  of  PZT  material,  manufactured  using  Hot-Isostatic  Pressing  (HIP), 
were  obtained  from  a  commercial  supplier.  The  PZT  wafers,  0.190  mm  in  thickness,  had  gold 
electrodes  sputtered  on  either  side  and  were  poled  through  the  thickness.  Samples  were  diced  to 
10.5  X  2.25  mm  in  dimension  for  strength,  electrical,  particulate  generation  and  thermal  testing. 
Flexural  strength  was  measured  by  three-point  bend  testing  using  an  Instron  4502  mechanical 
tester  (span  =  3.75  mm).  The  dielectric  constant  was  calculated  from  the  measured  capacitance  of 
each  sample.  An  HP  4194A  impedance  analyzer  was  used  to  measure  capacitance  at  1  KHz  and 
0.5  volts.  Particle  generation  was  measured  by  extracting  particles  in  200  ml  of  water  for  1 
minute  of  ultrasonic  cleaning  (47  KHz).  A  Hiac/Royco  8000A  Liquid  Particle  Counter  (LPC) 
analyzer  was  used  to  measure  all  particles  greater  than  1  pm  in  size.  The  number  of  particles  was 
normalized  vwth  surface  area  in  square  centimeters.  Particles  were  analyzed  with  a  LEO  435VD 
Scanning  Electron  Microscope  (SEM)  and  Oxford  Energy-Dispersive  Spectrometer  (EDS). 
Resonance  and  shock  testing  were  performed  with  aTSA  parts.  For  resonance  testing,  parts  were 
placed  on  a  Newport  spindle  stand  that  operated  at  3600  RPMs  and  voltages  were  recorded  with 
a  Tektronix  TDS  420A  oscilloscope.  Resonance  frequencies  were  monitored  using  a  Phase 
Metrics  resonance  stand  and  a  Polytec  OFV  302  sensor  head.  Shock  testing  was  performed  with 
a  custom  made  shock  tester,  and  voltages  were  recorded  with  a  Tektronix  TDS  420A 
oscilloscope.  Temperature  testing  was  performed  inside  a  Thermotron  Industries  SE-300 
environmental  chamber.  Capacitance  measurements  of  the  PZT  during  thermal  testing  were 
performed  in-situ  with  an  HP  4194A  impedance  analyzer. 
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RESULTS 


Material  Characterization 


The  flexural  strength  of  the  PZT  is  very  important,  since  the  motors  must  mechanically 
withstand  processing  and  HDD  environments.  Fig.  2  shows  a  Weibull  plot  of  30  PZT  samples 
that  were  broken  by  three-point  bending.  A  Weibull  parameter  (m)  of  12.18  was  calculated  from 
the  strengths  of  the  30  broken  PZT  samples.  Weibull  parameters  between  12  and  20  are  typical 
for  polished  ceramic  materials  [6].  The  average  strength  was  measured  at  11 1.7  MPa  (maximum 
strength  =  135.3  MPa  and  minimum  strength  =  87.6  MPa).  Surface  flaws  and  internal  voids  are 
believed  to  be  the  limiting  factor  in  the  PZT  strength.  Analysis  of  fractured  surfaces  showed 
breaks  to  follow  primarily  the  grain  boundaries. 

Weibull  Plot,  PZT  Strength 
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Fig.  2  Weibull  plot  for  PZT  strength  values  determined  in  bending. 

The  PZT  motors  must  maintain  their  piezoelectric  properties  over  the  life  of  the  HDD. 
Piezoelectric  properties,  such  as  dsi,  follow  a  logarithmic  decay  with  time  [7].  For  this  reason,  the 
aging  rates  of  the  PZT  are  studied  for  various  operating  conditions.  In  HDD  application,  the  PZT 
will  likely  experience  temperatures  of  60°C  to  90°C,  voltages  up  to  +/-  30  volts  and  voltage 
frequencies  up  to  2000  Hz.  Test  conditions  were  established  to  mimic  the  worst  case  HDD 
conditions.  Fig.  3  shows  the  dielectric  constant  as  a  function  of  time  for  four  different  conditions. 
Conditions  A  and  B  exposed  samples  to  95°C,  +/-  30  Volts  and  2000  Hz  sine  wave  frequencies. 
In  order  to  simulate  processing  conditions,  samples  for  condition  A  were  pre-aged  at  150°C  for  5 
minutes  prior  to  the  test.  Condition  C  exposed  samples  to  95  °C  and  no  voltage  exposure. 
Condition  D  samples  are  a  control  group  that  were  kept  at  room  temperature  and  no  voltage.  As 
expected,  the  pre-aged  samples  of  condition  A  aged  at  a  slower  rate  than  condition  B,  1 .9%  and 
2.4%  change  per  time  decade,  respectively.  Condition  C  aged  at  a  faster  rate,  3.2%  per  time 
decade,  than  Condition  A  or  Condition  B,  which  suggests  that  the  +/-  30  volt,  2000  Hz  frequency 
exposure  helped  to  reinforce  poling.  The  95°C  temperature  exposure  of  condition  C  increased 
both  the  dielectric  constant,  9.6%  increase,  and  the  aging  rate,  2.9  factor  increase,  over  the 
control  group  D.  In  order  to  maintain  less  than  a  10%  change  in  the  dielectric  constant  over  the 
life  of  the  HDD,  an  aging  rate  of  2.2%  per  time  decade  is  targeted. 
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Dielectric  Constant  Vs.  Time 


Time  (Hours) 


Fig.  3  Graph  showing  the  PZT  aging  rates  for  four  different  conditions. 

Particle  generation  from  the  PZT  motors  is  a  concern  for  HDD  manufactures,  since  loose 
particles  within  the  HDD  may  cause  a  read/write  head  crash.  The  diced  edges  and  gold  burrs  of 
the  PZT  motors  pose  the  largest  potential  threat  for  particle  generation.  Particle  generation  is 
tested  by  LPC,  which  extracts  loose  particles  in  ultrapure  water  with  ultrasonics  (47  KHz). 
Repeat  LPC  testing  on  the  same  group  of  PZT  samples  showed  the  number  of  particles  greater 
than  one  micrometer  in  size  to  decrease  with  number  of  cleaning  cycles  (run  1  =  20500 
particles/cm2,  run  2  =  11800  particles/cm^,  and  run  3  =  7200  particles/cm^).  The  large  number  of 
particles  observed  in  the  first  LPC  run  reflects  a  cleaning  of  looses  particles  and  other 
contaminants  from  the  PZT  surface.  Large  numbers  of  particles  in  run  2  and  3  suggest  a 
continual  shedding  of  particles  with  ultrasonic  cleaning.  SEM  and  EDS  analysis  of  captured 
particles  found  both  PZT  grains  and  Au/PZT  agglomerates.  Cleaning  procedures  and 
encapsulates  are  being  investigated  as  possible  particle  generation  solutions. 

Sensor  Characterization 


A  suspension  assembly  has  several  different  resonance  modes  that  limit  its  performance. 
Detecting  these  resonance  modes  and  other  external  vibrations  may  be  useful  in  failure  mode 
analysis  and  optimizing  drive  performance.  Voltage  from  an  aTSA  suspension  was  measured 
with  an  oscilloscope,  while  the  suspension  was  flown  over  a  disk  spinning  at  3600  RPM’s.  Fig.  4 
shows  the  voltage  measured  from  the  suspension  as  a  function  of  time.  Fig.  5  is  an  FFT  of  the 
voltage  seen  in  Fig.  4.  A  strong  peak  at  6509  Hz  is  seen  in  the  FFT  plot.  Resonance  analysis  of 
this  suspension  at  the  same  time  as  this  test  showed  a  motor  sway  resonance  mode  at  6520  Hz 
(0.2%  difference  from  the  FFT  analysis  peak).  The  suspension  was  also  excited  with  external 
vibratory  modes  from  1000  to  7000  Hz.  These  external  modes  were  also  observable  in  the  FFT 
analysis  of  the  voltage.  The  voltage  generated  by  the  PZT’s  motors  can  be  used  to  predict  the 
motion  of  the  read/write  head.  By  knowing  the  mechanical  advantage  of  the  suspension  and  the 
piezoelectric  voltage  constants  (gj,)  of  the  material  the  motion  at  the  read/write  head  due  to 
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mechanical  resonance  is  approximated  at  a  maximum  amplitude  of  30  to  40  nm.  Tests  are 
underway  to  correlate  read/write  head  motion  with  voltage  generation  of  the  PZT  motors. 


FFT  of  PZT  elements  signal 


Fig.  4  Graph  of  voltage  generated  by  the  PZT  Fig.  5  FFT  of  the  voltage  in  Fig.  4. 

motors  during  HDD  application. 

Under  shock  events  the  read/write  head  within  a  HDD  may  slap  against  the  disk  surface 
and  cause  a  head  crash.  The  PZT  motors  may  allow  the  HDD  to  sense  shock  events.  Tests  with 
aTSA  suspensions  were  performed  at  varying  shock  levels  and  directions.  Voltage  from  the  PZT 
motors  was  measured  during  the  shock  events  with  an  oscilloscope.  Fig.  6  shows  a  graph  of 
shock  acceleration  and  generated  voltage  during  a  2000  G  shock  event.  Here,  the  motors 
generated  up  to  four  volts  for  shock  in  the  -Z  direction,  which  allows  the  suspension  to  backbend 
away  from  the  disk  surface.  The  amplitude  of  the  generated  voltage  depended  on  the  amplitude 
and  direction  of  shock.  Smaller  shock  events  at  500  G’s  still  produced  detectable  voltages 
between  two  to  three  volts. 


Shock  Acceleration  and  Generated  Voltage  Versus  Time 


Fig.  6  Graph  showing  the  shock  acceleration  and  corresponding 
voltage  generated  by  the  PZT  motors. 
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The  temperatures  within  an  HDD  can  range  between  60°C  to  90°C  during  operation. 
Extremely  high  temperatures  may  damage  the  HDD.  For  this  reason,  sensing  the  temperatures 
and  temperature  variations  inside  the  HDD  may  be  useful  information  in  determining  drive 
failure  and  operating  environment.  For  this  experiment,  PZT  samples  were  repeatedly  heated 
between  5°C  and  80°C,  and  the  dielectric  constant  of  the  material  was  measured  using  an  HP 
4194A  impedance  analyzer.  The  test  found  the  dielectric  constant  of  the  PZT  to  increase  at  a  rate 
of  0.5%  per  degree  C  during  heating.  The  rate  of  change  of  the  dielectric  constant  did  depend  on 
the  previous  heating  history  of  the  PZT.  For  a  suspension  that  was  heated  from  25°C  to  80°C,  the 
capacitance  of  the  motors  would  increase  by  approximately  30%.  Measuring  the  capacitance  of 
the  motors  may  be  an  easy  way  of  approximating  temperature  within  the  HDD. 

CONCLUSIONS 

PZT  motors  for  the  aTSA  application  have  an  average  strength  of  111.7  MPa  and  a 
Weibull  parameter  (m)  of  12.18.  Aging  rates  of  the  PZT  varied  between  1.9  to  3.2  %  per  time 
decade  for  change  of  the  dielectric  constant.  Application  of  an  2000  Hz  A.C.  voltage  decreased 
the  aging  rate.  Particles  of  PZT  and  Au/PZT  agglomerates  are  shed  from  the  motors  during 
ultrasonic  cleaning.  LPC  measurements  found  particle  generation  at  up  to  20500  particles  greater 
than  1  micrometer  in  size  per  square  centimeter  of  PZT  area. 

PZT  motors  generate  voltages  in  response  to  suspension  resonance  and  external 
vibrations.  Shock  events  can  be  detected  by  the  PZT  motors.  Voltages  as  high  as  several  volts  are 
generated  during  shock  events  that  range  between  500  and  2000  G’s.  The  dielectric  constant  of 
the  PZT  motors  increases  at  a  rate  of  0.5%  per  degree  C.  Changes  in  dielectric  constant,  i.e. 
motor  capacitance,  may  be  used  as  a  temperature  sensor. 
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ABSTRACT 

This  paper  assesses  the  electrical  characteristics  of  piezoelectric  wafers  for  use  in 
aeronautical  applications  such  as  active  noise  control  in  aircraft.  Determination  of  capacitive 
behavior  and  power  consumption  is  necessary  to  optimize  the  system  configuration  and  to  design 
efficient  driving  electronics.  Empirical  relations  are  developed  from  experimental  data  to  predict 
the  capacitance  and  loss  tangent  of  a  PZT5A  ceramic  as  nonlinear  functions  of  both  applied  peak 
voltage  and  driving  frequency.  Power  consumed  by  the  PZT  is  the  rate  of  energy  required  to 
excite  the  piezoelectric  system  along  with  power  dissipated  due  to  dielectric  loss  and  mechanical 
and  structural  damping.  Overall  power  consumption  is  thus  quantified  as  a  function  of  peak 
applied  voltage  and  driving  frequency.  It  was  demonstrated  that  by  incorporating  the  variation  of 
capacitance  and  power  loss  with  voltage  and  frequency,  satisfactory  estimates  of  power 
requirements  can  be  obtained.  These  relations  allow  general  guidelines  in  selection  and 
application  of  piezoelectric  actuators  and  driving  electronics  for  active  control  applications. 

INTRODUCTION 

The  potential  of  piezoelectric  ceramics  as  actuators  and  sensors  has  been  widely 
documented  in  applications  ranging  from  aerospace  to  biomedical.  One  of  the  areas  that 
incorporates  the  use  of  these  materials  at  NASA  LaRC  is  the  area  of  active  noise  and  vibration 
control  [1-3],  In  this  application,  the  targeted  fundamental  frequency  is  between  50-100Hz,  with 
the  next  higher  modes  ranging  up  to  400-600Hz.  These  are  higher  frequencies  than  in  structural 
or  aeroelasticity  control  because  of  the  pressurized  or  pre-loaded  aircraft  cabin/fijselage. 

Practical  limitations  such  as  acceptable  excitation  voltages,  mechanical  durability,  coupling  to 
the  control  structure  and  control  system  complexity  and  stability  are  driving  research  for  sensor 
and  actuator  improvement.  A  critical  issue  that  arises  when  using  surface  mounted  transducers  is 
the  piezoelectric  power  consumption  necessary  to  drive  them.  Applications  are  found  to  depend 
upon  the  electrical  characteristics  of  the  PZT  transducers,  namely  the  capacitive  and  resistive 
behavior  of  the  actuator,  which  in  turn  affect  their  power  consumption  characteristics. 

A  number  of  researchers  have  investigated  the  power  consumption  characteristics  of  PZT 
actuators  used  to  excite  a  host  structure  [4-6]  and  found  a  coupling  between  the  mechanical 
motion  of  the  structure  and  the  electrical  characteristics  of  the  piezoelectric  actuator.  Research  by 
Brennan  and  McGowan  [7]  shows  that  the  power  consumption  of  piezoelectric  materials  used  for 
active  vibration  control  is  independent  of  the  mechanical  motion  of  the  host  structure  when  the 
structure  is  completely  controlled.  From  these  findings,  they  conclude  that  the  power 
requirements  of  the  piezoelectric  actuator  are  only  dependent  upon  its  geometry  and  material 
properties,  and  the  driving  voltage  and  frequency  of  the  control  signal.  They  also  note  a  linear 
variation  of  the  capacitance  of  the  actuator  with  the  applied  field.  This  is  a  phenomenon  that  is 
rarely  discussed  in  the  literature,  but  it  is  important  to  identify  since  assuming  a  constant 
capacitance  and  loss  tangent  can  lead  to  large  errors  in  predicting  power  requirements  for  driving 
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the  piezoelectric  wafers.  Their  definition  of  effective  capacitance  includes  both  a  dielectric  and 
piezoelectric  term,  which  is  a  departure  from  a  traditional  definition  of  capacitance. 

In  the  present  work,  we  extend  the  voltage  and  frequency  ranges  used  in  [7]  and 
investigate  both  the  capacitance  and  the  loss  tangent  of  the  PZT  as  a  function  of  driving  voltage 
and  fi-equency.  We  present  a  method  for  predicting  power  consumption  given  a  wider  range  of 
applied  voltage  and  frequency,  and  we  identify  two  regimes  for  the  capacitive  and  resistive 
behavior  of  the  piezoelectric  actuators.  We  also  show  that  the  behavior  may  not  be  simply  a 
linear  relationship,  but  rather  can  be  more  complex  depending  on  the  frequency  regime  in  which 
the  actuator  is  operating. 

EXPERIMENTAL 

To  measure  the  power  consumed  by  a  PZT  wafer  (PZT  5A,  1.5”  x  0.5”  x  0.008”),  a 
sinusoidal  driving  voltage  v(t)  was  applied  to  the  wafer.  The  peak  amplitude  and  frequency  of 
the  voltage  were  controlled  from  a  function  generator.  The  peak  voltage  was  varied  from  20  - 
200  volts  and  the  frequency  from  10  -  400  Hz.  The  PZT  w^er  was  modeled  as  a  resistor  Rc  and 
capacitor  C  in  series  (figure  1).  A  1  kH  resistor  Rg  was  placed  in  series  with  the  wafer  and  the 
voltage  across  this  resistor  was  monitored  to  determine  the  current  i(t)  through  the  circuit.  Both 
the  driving  voltage  v(t)  and  the  voltage  across  the  resistor  were  routed  to  a  digitizing 
oscilloscope  where  they  could  be  visually  monitored  and  downloaded  to  a  PC  for  further 
investigation.  The  amplitude  and  phase  of  the  signals  were  determined  and  the  power  consumed 
by  the  PZT  was  calculated.  At  higher  voltages,  the  effect  of  the  PZT’s  non-linear  capacitance 
was  evident  by  the  distortion  of  the  circuit  loop  current. 


Figure  1 .  Piezoelectric  wafer  test  circuit 

Once  digitized,  the  data  was  fit  to  the  following  third-order  polynomial  model: 

v(t)=  vo+Cit+(Rc+Rs)i(t)+aiq+a2q^+a3q^+a4iq^  (1) 

The  Vo  and  cit  terms  denote  measurement  bias  errors.  The  terms  with  q  represent  the  voltage 
across  C,  with  the  higher  order  terms  in  q  required  due  to  the  non-linear  electrical  characteristics 
of  the  PZT  wafer.  A  more  extensive  discussion  of  this  analysis  is  to  be  published  in  a  forth¬ 
coming  paper. 

The  resistive  component  of  the  piezoelectric  wafer  Rc  is  derived  using  a  least-square 
estimate  from  equation  1 .  An  equivalent  capacitance  Ceq  is  defined  as  the  ratio  of  the  charge  q 
and  the  RMS  value  of  the  voltage  across  the  capacitance,  and  from  equation  (1)  the  charge  can 
be  solved  as  a  function  of  the  voltage  across  C. 
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Based  on  figure  1,  it  can  be  shown  that  the  loss  tangent  tan  6  is  given  by; 

tan  5  =  2  71  f  Ceq  Rc  (2) 


RESULTS 

Figure  2  shows  the  measured  capacitance  as  a  function  of  peak  driving  voltage  for 
various  frequencies.  A  third  order  polynomial  was  used  to  fit  the  data,  resulting  in  an  expression 
of  capacitance  given  by: 


C  =  Co  +  Cl  V  +  CjV^  +  CjV^  (3) 

Where  the  Cn’s  are  a  function  of  frequency  and  are  given  in  table  1 . 


Figure  2.  Measured  and  estimated  capacitance  as  function  of  peak  voltage. 


Table  1.  Third-order  polynomial  coefficients  (equations). 


Frequency  (Hz) 

Cl 

C2 

Ci 

10 

0.04951 

0.000185 

1.798e-6 

-5.654e-9 

25 

0.04646 

0.000240 

1.437e-6 

-5.235e-9 

50 

0.04012 

0.000328 

-1.152e-6 

7.049e-9 

100  ! 

0.04783 

0.000257 

1.882e-7 

4.262e-10 

200 

0.03500 

0.000671 

-5.787e-6 

2.378e-8 

400 

0.03696 

0.000729 

-6.629e-6 

2.620e-8 

Also  shown  in  figure  2  is  the  capacitance  value  of  the  wafer  as  measured  with  a 
conventional  LCR  meter  at  1  kHz  and  low  excitation  voltage.  This  value  of  capacitance  is 
normally  held  to  be  valid  at  varying  frequencies  and  voltages.  The  measurement  of  the 
capacitance  clearly  shows  an  increase  of  the  value  as  the  driving  voltage  is  stepped  up.  This  is  a 
phenomenon  that  is  rarely  mentioned  [7,8]  and  is  little  understood.  It  can  however  result  in  large 
errors  in  estimating  power  requirements  if  not  taken  into  account. 

In  figure  3,  the  capacitance  C  is  shown  as  a  function  of  frequency  for  each  peak  voltage. 
It  is  noted  that  below  a  certain  frequency,  C  varies  linearly  with  frequency,  whereas  above  it,  it 


205 


varies  non-linearly  with  frequency.  At  any  given  voltage,  the  value  of  the  capacitance  C  changes 
more  significantly  below  50  Hz  than  it  does  between  50  and  400  Hz. 
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Figure  3.  Measured  and  estimated  capacitance  as  a  function  of  frequency 

Figure  4  shows  the  measured  resistance  R,  as  a  function  of  peak  driving  voltage  for  various 
frequencies.  R  is  seen  to  vary  with  the  driving  voltage.  A  third  order  polynomial  was  used  to  fit 
the  data,  resulting  in  an  expression  of  resistance  given  by: 


R  =  Ro  +  RiV  +  R2V^  +  R3V^ 

Where  the  Rn’s  are  a  function  of  frequency  and  are  given  in  table  2. 


(4) 


Figure  4.  Measured  and  estimated  resistance  of  a  piezoelectric  wafer. 
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As  expected,  as  the  frequency  increases,  the  resistance  of  the  PZT  wafer  decreases  (conductivity 
effects  become  more  apparent). 


Table  2,  Third-order  polynomial  coefficients  (equation  4). 


Frequency  (Hz)  \ 

Ro 

Ri 

R2 

Rs 

1.40080 

0.376690 

0.00056529 

-7.3972e-6 

25 

4.40730 

0.080553 

0.00132790 

-7.6407e-6 

50 

-0.59757 

0.152651 

-0.00064813 

7.5099e-7 

100 

2.25230 

0.060235 

-0.00059746 

1.7587e-6 

200 

1.45560 

0.015823 

0.0001260 

4.0397e-7 

400 

-0.27937 

0.044703 

-0.00042829 

1.2683e-6 

The  loss  tangent  of  the  wafer  is  calculated  from  the  resistance  data  using  equation  2.  Figure  5 
shows  the  behavior  of  tan  6  with  both  voltage  and  frequency.  The  loss  tangent  increases  as  much 
as  three  times  at  any  given  frequency  in  the  voltage  range  considered. 


Figure  5.  Calculated  (equation  2)  and  estimated  tan  5. 

Using  the  experimental  data,  the  mean  power  consumed  by  the  piezoelectric  wafer  was 
calculated  as 

P  ~  Inns  Vrms  COS0  (5) 

Where  Vrms  =  Vp  /  V2  ,  Inns  =  Ip/^^ ,  and  0  is  the  phase  shift  between  the  voltage  and  the  current. 
An  estimate  of  the  power  consumed  can  be  derived  based  on  the  RC  series  circuit  used  to  model 
the  piezoelectric  wafer  (figure  1)  such  that: 

P=2  7cfCtan5Vn„s^  (6) 

Both  calculated  power  (from  measured  values)  and  estimated  power  (based  on  equation  6)  are 
shown  in  figure  6  below,  as  a  function  of  peak  voltage  and  frequency. 
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Figure  6  shows  good  agreement  with  the  measured  values  of  power,  especially  below  150  Vp.  It 
is  surmised  that  at  voltages  above  150  Vp,  the  PZT  wafer  is  operating  outside  the  linear  range  of 
the  piezoelectric  response,  where  switching  of  the  dipoles  commences. 

SUMMARY 

The  capacitance  and  loss  tangent  of  a  piezoelectric  wafer  were  characterized  as  a  function 
of  driving  field  and  frequency.  An  analytical  model  based  on  RC  series  circuit  was  used  to 
estimate  the  capacitance  and  resistance  of  the  piezoelectric  wafer.  Mathematical  relations  were 
then  developed  to  relate  the  capacitance  and  resistance  values  to  the  peak  driving  voltage  and 
fi-equency.  These  values  were  used  to  predict  the  power  consumed  by  the  wafer  and  gave  very 
good  estimates  when  compared  to  measured  values. 

In  future  studies,  the  electromechanical  efficiency  of  the  piezoelectric  actuators  will  be 
investigated  in  this  frequency  range. 
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ABSTRACT 

A  chemical  additive  method  was  used  to  modify  the  composition  and  resultant  properties  of  a 
commercially  available  0.96(0.9 lPb(Mgj/3Nb2/3)03  -  0.09PbTiO3)  -  0.04  BaTiOj  (PMN-PT-BT) 
ceramic.  Without  an  additional  ball-mixing  process,  several  combinations  of  minor  additives 
such  as  Fe,  Ba,  Sr,  Zn  and  Ti  were  incorporated  by  the  chemical  method.  Weak-  and  high-field 
characteristics  including  dielectric  properties,  induced  strain  and  polarization,  and  associated 
hystereses  were  evaluated  for  the  samples  sintered  at  1200“C  for  4  hrs.  All  properties  were  found 
to  depend  on  the  chemical  additives  and  temperature.  Especially,  the  temperature  dependence  of 
high-field  characteristics  revealed  different  behavior  from  that  reported  for  conventionally- 
prepared  samples.  For  example,  the  samples  containing  0.5  wt%  SrO,  0.5  wt%  ZnO,  and  0.5wt% 
Ti02  did  not  exhibit  a  transition  to  piezoelectric  behavior  at  the  temperature  expected  from  the 
dielectric  measurements.  Overall,  the  coating  process  has  been  successfully  used  to  modify,  and 
in  some  cases,  enhance  the  high-field  characteristics  of  PMN-based  ceramics  for 
electromechanical  uses. 

INTRODUCTION 

Pb(Mg,/3Nb2/3)03  (PMN)  and  related  materials  are  well  known  for  dielectric  and 
electromechanical  applications  [1-6].  Several  promising  electromechanical  properties  like  -0.1% 
longitudinal  strain  (>0.03%  transverse  strain)  at  1  MV/m  and  0.1  Hz,  and  <0.05  tan5  at  the 
temperature  of  peak  weak-field  permittivity  T^j^^  and  1  kHz  have  been  reported  [7,8].  These 
properties  constitute  enabling  performance  for  a  wide  variety  of  military  and  commercial 
products. 

The  chemical  modification  method  for  incorporating  sol-gel  derived  additives  has  been 
investigated  to  improve  the  performance  of  electronic  ceramics  [9-11].  Small  amounts  of  the 
chemically-derived  additives  tend  to  coat  particle  surfaces  of  the  calcined  base  materials  at  the 
nanoscaie.  Basically,  they  can  contribute  to  homogeneity  of  the  additive  distribution  over  the 
sample  after  firing.  They  may  also  lead  to  more  desirable  microstructural  characteristics, 
depending  on  the  type  of  additives  and  base  materials.  The  importance  of  the  chemical  additive 
method  should  be  greater  for  more  microstructure-sensitive  materials  such  as  barium  titanates  or 
ferrites  [11,12].  In  our  previous  work  [13],  this  method  was  applied  to  the  PMN-based  relaxor 
materials.  Several  additives  such  as  Sr,  Ba,  Ti,  Zn  and  Fe  were  selected  for  detailed  study.  The 
resultant  high-field  characteristics  showed  some  abnormal  behavior,  which  differs  from  the  case 
of  conventionally  batch-mixed  samples.  This  work  explores  the  novel  chemical  additive  method 
by  using  different  sets  of  additives,  with  an  emphasis  on  the  temperature  dependence  of  high- 
field  characteristics. 
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EXPERIMENT 


A  chemical  method  was  used  to  modify  a  commercially-available  PMN-based  relaxor 
composition,  0.96(0.9 lPb(Mg„3Nb^3)03  -  0.09PbTiO3)  "  0-04  BaTi03.  The  chemical  method 
utilizes  sol-gel  reactions  between  the  precursors  of  given  additives  such  as  Ti,  Zn,  Fe,  Ba  and  Sr. 
Table  I  represents  the  additive  compositions  and  corresponding  precursors,  which  were  used  in 
this  work.  An  equal  amount,  0.5wt%  of  each  additive  (in  excess  of  the  base  PMN-PT-BT 
composition),  was  incorporated  by  the  chemical  method.  Each  additive  composition  was 
designated  using  the  simple  notation  shown  in  Table  I.  For  example,  F5B5T5  corresponds  to  a 
PMN-PT-BT  sample  containing  0.5  wt%  Fe303, 0.5  wt%  BaO,  and  0.5wt%  Ti02. 

The  details  of  the  chemical  additive  method  are  described  in  reference  13.  Titanium 
isopropoxide  Ti[OCH(CH3)J„  zinc  acetate  dihydrate  Zn(CH3C02)2-2H20,  iron  (III) 
acetylacetonate  Fq[CH,COOH=C{0-)CII^I,  barium  acetate  Ba(CH3CO,)3,  and  strontium  acetate 
Sr(CH3C03)2  were  used  as  raw  materials  for  the  additives.  After  making  a  0.063M  solution  of 
titanium  isopropoxide  in  isopropanol,  Zn  acetate  or  Fe  acetylacetonate  was  dissolved  in  the 
solution.  While  stirring  the  solution,  a  catalytic  amount  of  nitric  acid  was  added.  For  the 
additives  containing  Ba  and  Sr,  aqueous  solutions  of  the  B a  and  Sr  acetate  (0.03 3M  and  0.048M, 
respectively)  were  separately  prepared  and  then  admixed  with  the  previous  cation-containing 
isopropanol  solution.  Gelation  seemed  to  occur  immediately.  The  base  PMN-PT-BT  powders 
were  inserted  into  the  gel  solution.  The  resultant  slurry  was  stirred  at  <60°C  until  the  solvent 
completely  evaporated.  The  final  powders  containing  the  chemical  additives  were  pressed  at 
~80MPa  to  make  disk-shaped  pellets.  The  pressed  pellets  were  sintered  at  1200‘’C  for  4  hrs  in  a 
Pb  atmosphere  (formed  by  using  a  calcined  PbZrOj  +  5  wt%  ZrO^  powder)  after  burn-out  of 
organics  at  bOO^C  for  2  hrs. 

The  sintered  samples  were  characterized  by  fired  density  and  grain  size,  which  were 
obtained  by  the  Archimedes’  principle  and  the  linear  intercept  method,  respectively.  For 
electrical  measurement,  the  sintered  pellets  were  electroded  with  a  silver  paste  after  sputtering 
both  sides  of  the  sample  with  Ag-Pd.  Low-field  dielectric  properties  of  the  sintered  samples  were 
measured  during  cooling  at  2“C/min  using  an  LCR  meter  (HP4284A)  at  several  discrete 
frequencies  (from  10  Hz  to  1  MHz)  and  temperatures  (from  170“C  to  -20“C).  A  modified 
Sawyer-Tower  circuit  was  used  to  observe  polarization  behavior  with  electric  field.  In  the  case 
of  longitudinal  strain  measurements,  a  Fotonic™  Sensor  (MTI  2000  Fotonic  Sensor)  was  used. 
The  strain  and  polarization  measurements  were  conducted  simultaneously  at  0.1  Hz  with  a 
change  in  temperature  from  70“C  to  -20“C.  The  apparatus  for  the  polarization  and  strain 
measurements  included  a  multifunction  synthesizer  (HP8904A),  a  high-voltage  amplifier  (Model 
609D,  Trek  Co.)  and  an  analog/digital  converter  (ADC488/85A)  connected  to  a  PC-all  driven  by 
LabView™  computer  routines. 


Table  I.  Additive  composition,  bulk  density  and  average  grain  size  for  the 
0.96(0.9  lPb(Mgi/3Nb2,3)03  -  0.09PbTiO3)  -  0.04  BaTi03  samples  chemically-modified  and 
sintered  at  1200“C  for  4  hrs  (theoretical  density  of  the  base  composition  -  8.00g/cm^). 


Sample  ID 

Additive  Composition 

Bulk  Density 
(g/cm3) 

Grain  Size 
(pm) 

NO 

no  additives 

7.64 

2.8 

F5B5T5 

0.5  wt%  FeaOa,  0.5  wt%  BaO  and  0.5  wt%  Ti02 

7.67 

2.6 

B5Z5T5 

0.5  wt%  BaO,  0.5  wt%  ZnO  and  0.5  wt%  Ti02 

7.61 

;  3.8 

S5Z5T5 

0.5  wt%  SrO,  0.5  wt%  ZnO  and  0.5  wt%  Ti02 

7.63 

3.7 
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Table  11.  Dielectric  properties  measured  at  1  kHz  for  the  0.96(0.9 lPb(Mgj,3Nb2„)03  -  0.09PbTiO3) 
-  0.04  BaTi03.  samples  sintered  at  1200oC  for  4  hrs  (RT:  room  temperature  ~  25^0. 


Sample  ID 

k’atRT 

tanS  at  RT 

k* 

^  max 

tanS  at  k'^^ax 

Temp  at  k'„^. 

NO 

18,600 

0.029 

18,600 

0.029 

25°C 

F5B5T5 

22,600 

0.063 

23,200 

0.031 

3  DC 

B5Z5T5 

20,800 

0.070 

22,200 

0.037 

3DC 

S5Z5T5 

22,400 

26«C 

RESULTS  AND  DISCUSSION 

Weak-field  dielectric  properties  of  the  PMN-PT-BT  samples  containing  the  chemical 
additives  are  summarized  in  Table  II.  The  properties  correspond  to  k'  and  tan§  at  room 
temperature,  tan5  at  k'^,^  and  T  of  k'^ax,  which  were  measured  at  1  kHz.  First,  the  significant 
increases  in  k'^a,,  and  k'  at  room  temperature  were  observed  by  adding  the  chemical  additives. 
This  was  accompanied  with  corresponding  increases  in  tan6  and  T  of  k'n^a^.  This  can  be  attributed 
to  the  increasing  effects  on  the  low-field  dielectric  properties,  which  resulted  particularly  from 
the  incorporation  of  Fe  and  Zn.  The  substitution  of  Fe  and  Zn  in  the  B  site  of  the  perovskite 
AB'B^'Oj  structure  (i.e..  Mg  site  in  Pb(Mg,,3Nb2/3)03)  is  likely  to  be  responsible  for  the  increase  in 
k'.  When  considered  the  significant  increase  in  k'  by  adding  the  chemical  additives  (for  example, 
around  25%  increase  in  the  case  of  F5B5T5),  however,  it  is  believed  that  some  other 
contributions  exist  beyond  the  effect  of  the  ion  substitution.  The  contributions  are  likely  to  be 
associated  with  the  chemical  processing  and  resultant  microstructural  characteristics.  For 
example,  a  different  grain  size  should  be  responsible  for  the  dielectric  properties.  As  shown  in 
Table  I,  grain  size  was  found  to  apparently  increase  for  the  B5Z5T5  and  S5Z5T5  samples.  Our 
previous  work  (Ref.  13)  concluded  that  the  addition  of  Fe,  Zn  and  Ti  increased  the  dielectric 
constant  in  spite  of  small  contents  when  the  same  chemical  method  was  used.  In  contrast,  the 
addition  of  Ba  and  Sr  engendered  a  decrease  in  k'  and  tan5.  When  the  additives  having  increasing 
and  decreasing  effect  were  combined,  there  should  be  compensating  effects  on  the  properties, 
which  allow  precise  tailoring  of  the  properties. 

Figs.  1  and  2  show  the  polarization  and  strain  curves  as  a  ftinction  of  electric  field, 
measured  at  room  temperature,  1  MV/m,  and  0.1  Hz  for  the  chemically-modified  samples.  The 
electromechanical  parameters  obtained  from  these  curves  are  summarized  in  Table  III.  Effective 


1  -O'!  0  0.5  1  '  -1 

Electric  Field  (MV/m)  Electric  Field  (MV/m)  Electric  Field  (MV/nt) 


Fig.  1.  Strain  curves  with  electric  field  for  the  (A)  F5B5T5,  (B)  B5Z5T5,  and  (C)  S5Z5T5 
samples. 
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Fig.  2.  Polarization  curves  with  electric  field  for  the  (A)  F5B5T5,  (B)  B5Z5T5,  and 
(C)  S5Z5T5  samples. 


Q  coefficient  (QJ  was  calculated  by  dividing  the  peak  longitudinal  strain  (at  ~1  MV/m)  by  the 
square  of  the  peak  polarization  according  to  an  equation  of  e  =  P’  where  e  is  the  peak  strain 
and  P  is  the  peak  polarization.  The  simplification  process  and  assumptions  concerning  the 
equation  can  be  found  in  prior  studies  [14-16].  In  addition,  following  reference  8,  the  average 
hysteresis  was  determined  using  the  response  difference  (Y^-Y.J  between  decreasing  and 
increasing  fields  for  the  particular  field  (X)  of  interest.  The  sum^of normalized  by  the 
product  of  Y^^  and  the  number  of  points  is  taken  as  the  average  hysteresis.  Consequently,  the 
product  of  average  hysteresis,  field  range,  and  Y^^,  represents  the  piecewise-integrated  area  of 
the  loop. 

Compared  to  the  base  material,  all  other  compositions  exhibited  significant  increases  in 
strain  at  an  identical  field.  The  highest  longitudinal  strain  value  of  0.051%  was  obtained  for  the 
B5Z5T5  sample.  An  increased  T  of  k'^^  appeared  to  result  in  higher  polarization  and  peak 
saturation  (at  ~  1  MV/m)  as  exemplifie(l  in  ^1  the  samples  containing  chemical  additives.  As 
illustrated  in  Table  III,  the  chemically-modified  samples  exhibited  increases  in  Q  .  It  is 
noticeable  that  S5Z5T5  has  a  high  value  of  1.41  x  10  '  mVC'.  Table  III  also  displays  the 
calculated  values  of  average  hysteresis  for  strain  and  polarization  measured  at  room  temperature. 
As  expected,  all  compositions  exhibited  low  values-less  than  10%. 

Temperature  dependence  of  the  electromechanical  properties  was  examined.  Fig.  3  shows 
the  changes  in  peak  strain  and  polarization  with  temperature  from  70°C  to  -20‘’C  for  the 
chemically  modified  samples.  The  strain  values  tended  to  decrease  with  increasing  temperature 
regardless  of  composition.  The  polarization  behavior  with  temperature  indicated  the  same  trends 
with  strain.  Fig.  4  displays  the  variations  in  calculated  average  strain  hysteresis  and  Q^„.  with 


Table  III.  Electromechanical  properties  measured  at  0.1  Hz  and  room  temperature  for  the 
0.96(0.91Pb(Mg,/3Nb2/3)O3-  0.09PbTiO3)  -  0.04  BaTi03  samples  sintered  at  1200“C  for  4  hrs. 


Sample  ID 

Micro  Strain 
at  1  MV/m 

Average  Strain 
Hysteresis 
(%) 

Polarization 
(|iC/cm2) 
at  1  MV/m 

Average 
Polarization 
Hysteresis  (%) 

Qeff 

(x  10-2  Jn4/C2) 

NO 

310 

4.1 

17 

3.5 

1.07 

F5B5T5 

440 

9.6 

19 

6.2 

1.22 

B5Z5T5 

510 

6.6 

20 

2.7 

1.25 

S5Z5T5 

460 

5.4 

19 

2.7 

1,41 
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Fig.  3.  Variations  in  (A)  peak  strain  and  (B)  polarization  with  temperature  for  the 
chemically-modified  samples. 


temperature  for  the  compositions.  As  expected,  the  hysteresis  also  decreased  with  increasing 
temperature.  The  decreasing  tendency  of  hysteresis  was  not  significant  above  room  temperature, 
particularly  for  the  two  compositions  of  B5Z5T5  and  S5Z5T5.  The  S5Z5T5  sample  exhibited  the 
lowest  hysteresis  values  over  the  temperature  range.  The  resultant  Qeff  was  maintmed 
unchanged  over  the  temperature  range.  Only  the  S5Z5T5  tended  to  increase  after  around  50  C. 

The  temperature  dependence  of  the  high  field  characteristics  is  substantially  different  from 
previous  bulk  compositions.  Pilgrim  et  al.[8,14]  studied  variations  in  transition  temperature, 
which  were  obtained  from  the  biased  high-field  characteristics  such  as  strain,  average  hysteresis, 
polarization  and  Qeff  for  bulk  PMN-PT-BT  compositions.  According  to  the  study,  the  high  field 
curves  of  Figs.  3  and  4  should  demonstrate  an  abrupt  change  at  a  temperature  correlated  with  the 
low-field  transition.  However,  there  are  no  dramatic  changes  in  slope  (corresponding  to 
transition  regions)  of  these  curves.  The  temperature  dependence  of  the  electromechanical 
parameters  clearly  suggests  that  the  electrically  unbiased  performances  of  the  samples  are 
consistent  with  primarily  paraelectric  response  over  the  temperature  range. 

CONCLUSIONS 


Fig.  4.  Variations  in  (A)  strain  hysteresis  and  (B)  Qeff  with  temperature  for  the 
chemically-modified  samples. 
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The  chemical  additive  method  was  successfully  used  to  modify  the  low-  and  high-field 
properties  of  the  PMN-PT-BT  based  ceramics  for  electromechnaical  uses.  Even  small  levels  of 
additives  such  as  Fe,  Sr,  Ba,  Zn,  and  Ti  changed  the  properties  significantly.  This  result  was 
unpredicted  from  the  literature  on  conventionally-processed  samples.  Particularly,  the  variations 
in  high-field  parameters  with  temperature  demonstrated  significant  differences.  In  the  case  of  the 
chemical  method,  the  distinctive  slope  changes  in  high  field  curves  were  not  found  around  the 
transition  temperature  obtained  from  the  low-field  dielectric  properties.  Although  the  reason(s) 
are  unclear,  chemical  processing  can  partially  decouple  the  high-field  electromechanical 
properties  from  the  low-field  properties.  This  is  accompanied  by  improved  performance  across  a 
wide  temperature  range. 
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Abstract 

Piezoelectric  ceramics  are  potential  high-power  electro-acoustic  sources,  and  have  been  studied 
for  many  years.  However,  when  these  devices  are  driven  under  high  level  vibration,  the 
electromechanical  characteristics  depart  significantly  due  to  the  loss  and  nonlinear  behavior  in 
terms  of  elastic  and  dielectric  properties.  In  this  paper,  we  present  results  concerning  the 
development  of  modified  Pb(Mg,/3Nb2/3)03-PbTi03  (PMN-PT)  ceramics  for  high-power 
application.  We  have  focused  efforts  on  base  PMN-PT  compositions  close  to  the  morphotropic 
phase  boundary.  Different  mono-doping  have  been  studied  to  understand  the  doping  effects  on 
the  properties  of  PMN-PT  ceramics  and,  moreover,  to  improve  the  properties  for  the  high-power 
application.  Of  all  the  substitutents  investigated  in  this  study,  Mn-doping  was  found  the  only  one 
to  improve  the  properties  of  PMN-PT  significantly  for  high-power  application  by  reducing 
total  loss  (including  mechmiical  loss  as  well  as  the  dielectric  loss),  yet  keeping  the  coupling 
factor  constant.  This  work  is  supported  by  Office  of  Naval  Research. 

Introduction 

Piezoelectric  ceramics  are  potential  high-power  electro-acoustic  sources,  and  have  been  studied 
for  many  years.  However,  there  are  still  some  serious  problems,  such  as  the  durability  of  the 
materials  and  the  fact  that  the  piezoelectric  data  obtained  for  a  small  applied  electric  field 
becomes  less  relevant  as  the  field  is  increased  far  above  the  general  charactenzation 
condition[l,2].  Presently,  the  lead  zirconate  titanate  (PZT)  family  of  ceramics  with  some 
acceptor-type  doping  (Hard  PZT)  are  the  most  widely  used  for  this  kind  of  application  owing  to 
their  excellent  dielectric  and  piezoelectric  properties  at  the  morphotropic  phase  boundary  with 
the  coexistence  of  tetragonal  and  rhombohedral  phases,  allowing  increased  domain 
reorientability  and  easier  polarization  as  well  as  the  low  dielectric  loss  and  high  mechanical 
quality  factor,  Qm,  which  is  the  inverse  of  the  mechanical  loss.  However,  in  hard  PZT,  the 
coupling  factor  k  is  quite  low  and  the  loss  still  increases  very  fast  under  high-level  dnvmg[l]. 
Thus,  investigation  of  other  potential  high  k  materials  with  more  stable  and  reliable  loss 
properties  is  important  for  transduction  application. 

The  perovskite  lead  magnesium  niobate  Pb(Mgi/3Nb2/3)03  (PMN)  is  a  well-known  relaxor  with  a 
diffuse  phase  transition.  The  structure  is  pseudo-cubic  with  an  average  space  ^oup  symmetry 
Pm3m  at  room  temperature,  with  no  evidence  of  long  range  ordering  of  the  dissimilar  B  site 
cation  sublattices.  The  disorder  in  the  B  site  cation  is  believed  to  be  the  cause  of  relaxor  type 
behavior  in  these  materials.  The  piezoelectric  properties  of  PMN  can  be  enhanced  with  the 
addition  of  PT.  The  PMN-PT  solid  solution  system  exhibits  a  morphotropic  phase  boundary 
(MPB)  between  a  pseudo-cubic  and  a  tetragonal  phase  at  about  30-35  mole  %  of  PT.  [3]  The 
dielectric  and  piezoelectric  constants  for  materials  near  the  MPB  are  abnormally  high  as  reported 
by  many  researchers  such  as  Lejeune.  [4]  The  properties  of  high  k,  high  d  and  high  energy 
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density  PMN-PTs  are  very  attractive  for  high-power  applications.  However,  the  mechanical 
quality  factor  Qm  is  quite  low.  Although  PMN-PT  system  has  been  actively  studied  under  a  small 
AC  electric-field  condition,  the  characterization  under  high  power  applications  has  seldom  been 
performed.  Furthermore,  there  are  almost  no  reports  about  varying  Qm  value  in  PMN-PT  by 
composition  modification.  In  this  study,  we  investigated  doping  effects  on  PMN-PT  based 
ceramics  for  the  goal  of  improving  the  materials  for  high-power  applications. 

Sample  preparation  and  experimental  procedure 

In  order  to  eliminate  the  formation  of  a  parasitic  pyrochlore  phase  (Pb3Nb40i3),  the  columbite 
precursor  method  proposed  by  Swartz  and  Shrout  [3]  was  used  to  prepare  PMN-PT  on  the  MPB 
Both  A-site  and  B-site  dopants,  including  the  higher  valence  and  lower  valence  elements  were 
used  to  study  the  effect  of  doping  in  PMN-PT.  These  include  La,  Li,  Na,  K,  Mn,  In,  Fe.  Excess 
Mg  and  Nb  were  also  studied  for  comparison.  In  the  first  stage,  MgO  and  Nb205  were  mixed  in  a 
stoichiometric  ratio,  and  a  precursor  columbite  phase  MgNb206  was  foimed  after  calcination  at 
1200°C  for  4hrs.  X-ray  diffraction  patterns  were  then  taken  to  check  phase  formation.  In  the 
second  stage,  Ae  precursor  was  mixed  in  stoichiometric  ratios  with  PbO  and  Ti02  and  doping 
elements.  To  insure  proper  mixing,  both  steric  hinderenace  and  electrostatic  repulsion  (pH 
adjustment  by  ammonia),  dispersion  mechanisms  were  required  to  prepare  a  30  vol.  %  slurry 
with  deionized  water.  The  slurry  was  vibratory  milled,  then  dried  and  calcined  at  700°C  for  4  hr. 
Calcined  powders  were  examined  by  x-ray  diffraction  to  insure  phase  purity.  To  control  PbO 
volatility,  sintering  was  performed  in  a  lead  rich  atmosphere  by  placing  a  small  amount  of  mixed 
powder  of  PbO  and  Zr02  in  a  closed  crucible.  After  sintering,  the  samples  were  polished,  and 
gold-sputtenng  was  used  for  the  electrodes  on  both  surfaces. 

The  dielectric  properties  were  measured  with  a  computer  controlled  automated-measurement 
system  from  room  temperature  to  250«C  (HP4284A  for  electric  measurement  and  FLUFCE8840 
with  an  oven  for  temperature  controlling).  The  electromechanical  properties  were  determined  by 
measurement  of  the  admittance  spectrum  under  low  level  constant  voltage  using  an  HP4194,  and 
by  measurement  of  the  impedance  spectrum  vs.  different  vibration  velocity  under  constant- 
current  driving  conditions  [1].  The  latter  method  is  different  from  the  conventional  impedance 
^alyzer  measurements,  where  the  vibration  velocity  is  significantly  increased  near  the  resonance 
frequency,  leading  to  jumping  and  hysteresis  problems  in  the  impedance  vs.  frequency  curve  due 
to  the  nonlinearity  become  significant  under  high  level  driving. 

Results  and  discussions 


a.  Basic  properties 


Table  I  summaries  the  dielectric  and  electromechanical  properties  for  different  dopings.  Data 
taken  from  previous  studies  of  various  doping  elements  in  PZT  or  PMN-PT,  and  the  radii  of 
Pb(2+)  and  Ti(4+),  have  also  been  included  for  reference.  Effects  of  Na  and  K  substituents  can 
be  seen  to  be  almost  the  same.  Both  are  from  the  same  group  (s-oribitals  with  1+  valance)  and 
substitute  Pb  onto  the  A  sites  which  have  12-coordination.  Both  of  these  substitutents  increase 
the  quality  factor  Qm  a  little  and  reduce  the  piezoelectric  constant.  Li  is  also  from  the  same 
chemical  group  (s-oribital  with  1+  valence),  yet  its  ionic  radii  is  smaller  (0.76A)  relative  to  Na 


(1.39A)  and  K(1.64A).  The  tolerance  factor  t  =  +^o(6-c/^)) 


onto  the  A-sites.  Consequently,  the  effect  of  Li  modification  is  different  from  Na  and  K  doping. 
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Fe-modification  does  not  change  the  properties  of  PMN-PT  significantly,  however  for  the  PZT 
system,  Fe  increases  Qm  to  more  than  1000.  In  PZT,  both  B-site  cation  sublattice  are  occupied 
by  4+  species,  while  in  PMN-PT  occupancy  is  composed  of  multiple  valent  species,  i.e.,  2+ 
(Mg),  5+  (Nb),  and  4+  (Ti).  If  Fe  prefers  to  substitute  for  Mg,  then,  it  is  either  a  3+  (or  2+) 
species  on  a  2+  site.  In  this  case,  it  will  not  induce  acceptor-type  (or  “harder”)  behaviors  in 
PMN-PT,  as  it  does  in  PZT.  Similar  effects  were  found  in  In-modified  compositions,  as  can  be 
seen  in  Table  1.  Excess  Mg  and  Nb  did  not  result  in  any  significant  effects  on  the  properties. 
Possibly  because  concentrations  of  one  at.%  excess  are  too  small. 

Of  all  the  substitutents  investigated  in  this  study,  Mn  was  the  only  one  which  was  found  to 
behave  uniquely.  Upon  Mn  modification,  the  piezoelectric  constant  was  decreased,  however  the 
quality  factor  Qm  was  increasesed  significantly.  The  coupling  coefficient  k3i  was  not 
significantly  affected  by  Mn  modification  and  had  a  constant  value  of -0.3.  These  changes  in  the 
properties  make  the  materials  more  suitable  for  high  power  transducer  applications.  Thus,  high- 
power  measurements  of  Mn-modified  samples  will  shown  in  the  next  section. 

Table  I:  The  properties  of  .65PMN-.35PT  with  1  at.%  doping 


element 

La* 

K 

Na 

Li” 

Mn’" 

Fe 

_  ***** 

In 

Nb"""" 

'  -  ******* 
Mg 

Substitute 

site 

B-site 

B-site 

B-site 

B-site 

Valency 

+1 

+2,  +3, 

+4,  +7 

+2,  +3 

+3 

+2 

Behavior 
in  PZT 

Acceptor 

-like 

Acceptor 

-like 

? 

Acceptor 

-like 

Acceptor 

-like 

Acceptor 

-like 

lEBH 

Acceptor 

-like 

Ionic 

radii(A) 

1.36 

1.64 

1.39 

.76 

(+7).46 

(+4).53 

(+3).62 

(+2).72 

(+3).60 

(+2).70 

.8 

.69 

.72 

Curie  T 

50 

181.23 

178 

178.3 

175 

178 

187.62 

185.9 

189 

Dieletric 

constant 

2300 

3990 

4140 

3260 

2100 

3100 

3140 

4050 

3500 

Kmax 

23000 

34800 

34800 

25600 

21000 

33000 

33400 

33600 

38100 

Dieletric 

loss 

.025 

.012 

.0114 

.0305 

.009 

.0116 

.0118 

.024 

.02 

280 

373 

360 

546 

350 

500 

564 

583 

540 

_ 

76 

143 

150 

68 

300 

80 

88 

75 

78 

Pb(+2)  1.49 A,  Ti  (+4)  .605A 

A-site  cation  ;  12-coordinated,  B-site  cation  :  6-coordinated 
♦Used  to  adjust  Tc[3] 

♦♦Used  to  improve  the  electrical  resistance,  reduce  the  sintering  temperature  and  reduce  the 
temperature  coefficient  of  capacitance 

♦♦♦l.Used  as  similar  reason  of  Li.  2. Studied  for  the  age  effect.[6] 

♦♦♦♦Can  form  PFN[5] 

♦♦♦♦♦  Can  form  PIN[5] 

♦♦♦♦♦♦Can  form  pyrochlore[3] 

♦*♦♦♦*♦  Sintering  aid,  can  reduce  pyrochlore  but  induce  grain  growth.[3] 

Figure  1  shows  the  temperature  and  frequency  dependence  of  the  dielectric  constant  as  well  as 
dielectric  loss  (tan5)  for  0.65PMN-0.35PT  with  different  substituents.  Mn  and  Li  substituents 
both  depressed  and  broadened  the  peak  dielectric  constant  values,  shown  in  Fig  1(a)  and  (b), 
even  though  Mn  had  a  stronger  effect.  One  possible  reason  is  that  they  both  can  form  a  liquid 
phase  during  sintering  resulting  in  secondary  phase  formation  in  the  grain  boundaries,  which 
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generally  reduces  the  dielectric  constant.  However,  they  have  very  different  behavior  of 
dielectric  loss  (Tan  Delta).  While  Mn  substituents  reduce  the  dielectric  loss  to  less  than  1%  near 
room  temperature,  specimens  with  Li  retain  a  value  of  3%  (Figl  (d)  and  (e)).  The  temperature 
and  frequency  dependence  of  dielectric  constant  of  Na  and  K-doped  samples  are  shown  in  Figl 
(b).  They  both  exhibited  similar  results,  however  Li-modification  resulted  in  significant 
differences. 


b.  Piezoelectric  properties  under  a  high-power  driving 


Heat  generation  is  one  of  the  big  problems  for  materials  under  high-level  driving.  The 
temperature  rise,  AT,  with  a  specific  sample  due  to  the  heat  generation  is  proportional  to  the  loss 
as  follows 


^T  = 


(1) 


where  ©oW  is  dissipated  vibration  energy  per  second,  M  mass  of  the  sample,  t’  thickness,  and  c 
the  specific  heat  capacitance. 

The  dissipated-vibration-energy  per  second,  coqW  can  be  calculated  as  follows 
co,W  = 


where  v,  and  fij^are  vibration  velocity  and  resonance  angular  respectively. 
From  Eqn(l)  and  (2),  we  can  get 


For  longitudinal  dsi  mode  with  both  ends  of  the  sample  are  mechanically  free,  the  relationship  of 
vibration  velocity  v  and  the  driving  field  Edo  can  be  written  as 

(4) 

It  can  be  calculated  from  the  resonance  frequency  and  the  maximum  displacement  of  the  ends 

by  the  following  equation 
1 

v  =  -=ry  c  (5) 

^  r^m 


The  result  of  the  saturation  temperature  rise  and  the  total  loss  increase  with  an  increase  of  the 
vibration  velocity  for  Mn-doped  samples  are  shown  on  Fig.2(a).  From  Eqn.  (3),  the  temperature 
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Figure  1:  Dielectric  constant  with  different  frequencies  (lOOHz,  IkHz,  and  lOkHz  from  the 
highest  to  the  lowest  curve  in  one  group)  vs.  temperature  of  .65PMN-.35PT  +  1  at.%  dopants:  (a) 
pure  and  Mn,  (b)  K,  Na,  Li,  (c)  In,  excess  Mg,  and  excess  Nb;  Tan  Delta  vs.  Temperature  of 
.65PMN+.35Pt  +  1  at.%  dopants:  (d)  Li,  Na,  K,  (e)  Mn,  In,  excess  Mg  and  excess  Nb. 
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rise  is  proportional  to  the  square  of  vibrational  velocity,  and  the  total  loss.  The  saturation 
temperature  was  decided  when  the  sample  temperature  become  stable  due  to  the  balance  of  heat 
generation  and  radiation  after  a  period  of  time  when  the  sample  driving  under  some  vibrational 
velocity.  Because  the  quality  factor  Q  dropped  significantly  when  the  vibrational  velocity  >  .2 
m/sec  (referred  to  Fig  2(b)),  the  saturation  temperature  rise  also  increased  much  faster.  The 
larger  Q  the  sample  has,  the  smaller  the  saturation  temperature  rise  is. 


Figure  2:  The  vibration  velocity  dependence  of  temperature  rise  (a)  and  quality  factor  Qm  (b)  of 
.65PMN-.35PT  +  x  at.%  Mn  doping 

Summary 


In  this  paper,  MPB  compositions  of  PMN-PT  with  various  substituents  were  studied  for  high- 
power  applications.  Mn-doping  was  found  to  improve  the  properties  of  PMN-PT  significantly  for 
high-power  application  by  reducing  the  total  loss  (including  mechanical  loss  as  well  as  the 
dielectric  loss),  yet  keeping  the  coupling  factor  constant.  It  appears  that  Mn  substituents  behave 
as  acceptors  in  PMN-PT  ceramics,  resulting  in  “harder”  characteristics.  The  special  effects  of 
Mn  may  be  related  to  its  multiple  valance  states,  however  this  needs  further  investigations 
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ABSTRACT 

The  effect  of  thermal  cycling  on  the  austenite  to  martensite  (A-»M)  and  martensite  to  austenite 
(M^A)  transformation  temperatures  (TTs)  of  Ni49.8Ti50.2  and  Ni49.8Ti40.2Hflo  shape  memory 
alloys  is  investigated.  Test  specimens  are  from  arc  melted  buttons  homogenized  at  900°C  for  100 
hours.  Results  show  that  the  A^M  and  M^A  TTs  for  the  alloys  decrease  with  increasing  number 
of  thermal  cycles  through  the  phase  transformations.  The  A^M  TT  of  the  NiTiHf  alloy  stabilizes 
more  quickly  than  the  A^M  TT  of  the  NiTi  alloy  when  cycled.  However,  the  M^A  TT  of  the 
binary  NiTi  alloy  stabilizes  more  quickly  than  the  M->A  TT  of  the  NiTiHf  alloy  when  cycled. 

INTRODUCTION 

Stability  of  a  shaj^  memory  alloy  (SMA)  is  an  important  factor  in  selecting  an  SMA  for  an 
electric  actuator  application.  This  is  true  for  the  transformation  temperatures  (TTs)  and  the 
mechanical  characteristics  of  an  SMA  actuating  member,  such  as  the  type  described  by  Kao  et  al. 
[1].  It  is  especially  important  that  the  austenite  to  martensite  (A-^M)  TT  be  stable  to  be  assured  that 
the  A->M  transformation  during  cooling  occurs  within  specified  ambient  temperature  conditions.  It 
is  also  important  that  mechanic^  characteristics,  such  as  length  of  the  actuating  member,  be  stable 
so  that  the  desired  length  increase  of  the  SMA  member  occurs  during  the  A->M  transformation.  In 
previous  studies,  Thoma  et  al.  [2]  discuss  a  thermal-mechanical  processing  method  to  increase  the 
dimensional  stability  of  a  binary  NiTi  actuating  member.  Also,  Zhang  et  al.  [3]  and  Thoma  et  al. 
[4]  show  that  thermal-mechanical  processing  and  the  substitution  of  a  small  amount  of  Hf  (1  and 
3at.%)  forTi  increase  the  stability  of  the  A->M  and  martensite  to  austenite  (M->A)  TTs  [3],  and 
decrease  creep  and  stabilize  the  amount  of  M  strain  [4]. 

High  TTs  are  also  an  important  factor  in  selecting  an  SMA  for  an  electric  actuator  application  to 
effect  operation  of  the  actuator  at  higher  ambient  temperatures.  The  substitution  of  Hf  for  Ti  in  Ti 
rich  NiTi-based  SMAs  increases  the  TTs  of  the  alloys  when  the  amount  of  Hf  is  >8at.%  [5,6].  For 
the  ternary  alloy,  Ni49.8Ti40.2Hfio,  the  A^M  and  M^A  peak  TTs  are  123.0°C  and  188.6°C 
respectively  [7].  For  the  binary  alloy,  Ni49Ti5l,  the  A->M  and  M->A  peak  TTs  are  69°C  and 
114°C  respectively  [5]. 

When  a  fully  annealed  Ti  rich  binary  NiTi  alloy  and  ternary  alloys  having  the  compositions, 
Ni49Ti5oHfi  and  Ni49Ti48Hf3,  are  thermally  cycled  through  the  A->M  and  M^A  phase 
transformations,  the  A^M  peak  TT  decreases  with  an  increasing  number  of  thermal  cycles  [8]. 
Zhu  et  al,  [9]  show  that  the  M  start  of  Hf  containing  NiTi-based  alloys  decreases  with  an 
increasing  number  of  thermal  cycles,  and  that  the  decrease  in  M  start  becomes  less  with  increasing 
Hf  content  (0%  Hf  to  30at.%  H^.  Xiaodong  et  al.  [10]  show  that  the  TTs  of  the  Ti36,5Ni48.5Hfi5 
alloy  decrease  with  thermal  cycling. 

It  is  the  intent  of  this  investigation  to  show  in  greater  detail  the  influence  of  thermal  cycling, 
through  the  A~>M  and  M->A  phase  transformations,  on  the  A->M  and  M->A  peak  TTs  of 
homogenized  Ni49.8Ti50.2  and  Ni49.8Ti40.2Hfio  shape  memory  alloys,  which  have  low  oxygen 
content  and  minimal  amount  of  second  phase  (NiTi2  and  Ni[Ti  +  Hf]2  respectively). 

MATERIALS  AND  TEST  METHODS 

A  NiTi  alloy  having  the  composition  Ni49.8Ti50.2  and  a  NiTiHf  alloy  having  the  composition 
Ni49.8Ti40.2Hfio  were  investigated.  The  starting  materials  were  low  oxygen,  vacuum  remelted,  Ni 
lump,  99.97%  (metal  basis)  with  100  ppm  oxygen;  Ti  sponge,  99.99%  with  60  ppm  oxygen;  and 
Hf  crystalline  bar  with  <50  ppm  oxygen  and  0.43%  Zr.  The  Ti  sponge  was  preprocessed  by 
pressing  the  sponge  into  varying  size  pellets  and  arc  melting  the  pellets  in  a  residual  argon  vacuum 
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to  consolidate  the  sponge  into  buttons.  The  required  amounts  of  Ni  lump,  Ti  buttons,  and  pieces  of 
Hf  bar  were  arc  melted  together  in  a  residual  argon  vacuum.  The  argon  used  in  the  vacuum  arc 
melter  was  ultra  high  purity  argon  (99.999%)  with  a  maximum  of  3  ppm  water  and  2  ppm  oxygen. 
The  NiTi-based  alloy  buttons  were  remelted  five  additional  times,  and  then  vacuum  heat  treated  at 
9(X)°C  for  100  hours  and  cooled  to  room  temperature  at  the  rate  of  l°Cyminute. 

The  oxygen  content  of  and  amount  of  second  phase  in  the  Ni49.8Ti50.2  and  Ni49.8Ti40.2Hfio 
alloys  were  determined  in  an  earlier  study  by  Thoma  and  Boehm  [7].  The  Ni49.8Ti50.2  alloy  has  an 
oxygen  content  of  150  ppm  by  weight,  and  the  Ni49.8Ti40.2Hfio  alloy  has  an  oxygen  content  of 
285  ppm  by  weight.  The  amount  of  second  phase  in  both  alloys  (determined  by  image  analysis)  is 
approximately  1%. 

The  TTs  of  the  NiTi-based  alloy  specimens  were  measured  by  differential  scanning  calorimetry 
(DSC)  using  TA  Instruments  Model  2920  DSC  test  equipment.  DSC  specimens  were  cut  from  the 
homogenized  buttons  with  a  water  cooled  AI2O3  cut-off  wheel.  The  weight  of  the  DSC  specimens 
was  9±1  mg.  The  cooling  and  heating  rate  during  the  DSC  thermal  cycling  was  10°C/minute.  100 
thermal  cycles  (A-^M->A)  were  done  on  two  DSC  specimens  for  each  alloy.  The  A^M  and 
M->A  peak  TTs  (temperature  at  maximum  heat  flow)  were  determined  from  the  DSC  files. 

TEST  RESULTS 


The  effect  of  thermal  cycling  on  the  A->M  peak  and  the  M-»A  peak  of  the  binary  NiTi  alloy 
(Ni49.8Ti50.2)  is  shown  in  Figures  1  and  2  respectively.  The  effect  of  thermal  cycling  on  the  A->M 
peak  and  the  M^A  peak  of  the  ternary  NiTiHf  alloy  (Ni49.8Ti40.2Hfio)  is  shown  in  Figures  3  and 
4  respectively.  In  these  plots,  the  transformation  peaks  for  selected  thermal  cycles  are  shown.  For 
the  A->M  transformations  (Figures  1  and  3),  the  peaks  for  cycles  2,  5,  10,  and  100  are  plotted. 
For  the  M-^A  transformations  (Figures  2  and  4),  the  peaks  for  cycles  1,  2,  5,  10,  and  100  are 
plotted.  A  thermal  cycle  starts  with  the  A-^M  transformation  and  ends  with  the  completion  of  the 
M-^A  transformation.  The  A^M  transformation  of  cycle  1  is  not  shown  in  Figures  1  and  3 
because  this  transformation  occurs  during  cooling  to  room  temperature  after  the  heat  treatment  at 
900°C,  but  prior  to  cutting  of  the  DSC  specimens  and  start  of  the  DSC  thermal  cycling. 

The  effects  of  thermal  cycling  on  the  A^M  peak  TT  (maximum  heat  flow)  of  the  Ni49.8Ti50.2 
and  Ni49.8Ti40.2Hfio  alloys  are  shown  in  Figures  5  and  6  respectively.  The  effects  of  thermal 
cycling  on  the  M-»A  peak  TT  (maximum  heat  flow)  of  the  Ni49.8Ti50.2  and  Ni49.8Ti40.2Hf  10 
alloys  are  shown  in  Figures  7  and  8  respectively.  In  general  the  A-»M  peak  TT  and  M^A  peak 
TT  decrease  with  increasing  number  of  thermal  cycles.  The  M-»A  peak  TT  of  the  Ni49.8Ti40.2Hfio 
alloy  for  cycles  4,  5,  and  6  is  slightly  higher  than  the  M^A  peak  TT  for  cycle  3  (see  Figure  8). 
This  is  due  to  a  shift  in  the  location  of  maximum  heat  flow  on  the  peak  from  a  posterior  position  to 
an  anterior  position.  The  overall  position  of  the  M->A  peak,  however,  keeps  moving  downward 
on  the  temperature  scale  with  increasing  number  of  thermal  cycles  (see  Figure  4). 
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Figure  1.  Effect  of  thermal  cycling  on  A->M  transformation  of  Ni49.8Ti50.2  alloy. 
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Figure  2.  Effect  of  thermal  cycling  on  M-^A  transformation  of  Ni49.8Ti50.2  alloy 
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ugure  3.  Effect  of  thermal  cycling  on  A^M  transformation  of  Ni49.8Ti40.2Hfio  alloy. 
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Figure  5.  Effect  of  thermal  cycling  on 
A->M  transformation  of  Ni49.8Ti50.2  alloy. 


Figure  7.  Effect  of  thermal  cycling  on 
M-»A  transformation  of  Ni49.8Ti50.2  alloy. 


Figure  6.  Effect  of  thermal  cycling  on 
A->M  transformation  of  Ni49.8Ti40.2Hfio  alloy. 


Figure  8.  Effect  of  thermal  cycling  on 
M^A  transformation  of  Ni49.8Ti40.2Hfio  alloy. 


DISCUSSION  OF  RESULTS 

In  the  discussion  that  follows,  the  influence  of  the  substitution  of  lOat.%  Hf  for  Ti  in  a  NiTi- 
based  ^oy  on  stability  of  the  A^M  and  M-^A  peak  TTs,  when  the  alloy  is  thermally  cycled 
through  the  phase  transformations,  is  discussed  and  compared  with  a  binary  NiTi  alloy. 

.XT-  ^  annealed  Ti  rich  NiTi  alloy  and  NiTiHf  alloys 

(Ni49Ti5oHfi  and  Ni49Ti48Hf3)  are  thermally  cycled  with  no  applied  load  through  the  A->M  and 
M-»A  ^ase  transformations,  the  A->M  peak  TT  decreases  with  an  increasing  number  of  thermal 
cycles.  Zhang  et  al.  [1 1]  also  show  that  the  M^A  peak  TT,  for  a  fully  annealed  Ni49Ti48Hf3  alloy 
with  no  applied  load,  decreases  with  an  increasing  number  of  thermal  cycles.  Zhu  et  al.  [9]  show 
that  the  M  start  of  annealed  Hf  containing  NiTi-based  alloys  decreases  with  an  increasing  number 
of  thermal  cycles,  and  that  the  decrease  in  M  start  due  to  cycling  becomes  less  with  increasing  Hf 
content  (0%  Hf  to  30at.%  Hf).  These  previous  studies  have  not  looked  at  the  effect  of  thermal 
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cycling  on  the  TTs  of  a  NiTiHf  alloy  with  lOat.%  Hf,  which  offers  potential  as  a  commercial  SMA 
because  of  its  high  TTs  and  ability  to  be  warm  drawn  into  wire. 

In  this  investigation,  when  the  Ni49.8Ti50.2  and  Ni49.8Ti40.2Hfio  alloys  are  thermally  cycled, 
the  transformation  peaks  shift  to  a  lower  temperature  and  the  shape  of  the  transformation  peak 
changes  (see  Figures  1  through  4).  For  the  Ni49.8Ti50.2  alloy,  the  A^M  peak  TT  shifts  from 
72.0°C  in  thermal  cycle  2  to  61.0°C  in  thermal  cycle  100  (see  Figures  1  and  5),  and  the  M-^A  peak 
TT  shifts  from  n4.7°C  in  thermal  cycle  1  to  95.7°C  in  Aermai  cycle  100  (see  Figures  2  and  7). 
Figures  5  and  7  also  show  that  the  decrease  in  the  peak  TTs  is  not  linear,  but  rather  decrease 
rapidly  at  first  and  then  gradually  stabilize  at  a  temperature.  For  the  Ni49.8Ti40.2Hfio  alloy,  the 
A->M  peak  TT  shifts  from  123.2°C  in  thermal  cycle  2  to  109.5®C  in  thermal  cycle  100  (see  Figures 
3  and  6),  and  its  M-^A  peak  TT  shifts  from  188.7°C  in  thermal  cycle  1  to  152.9®C  in  thermal  cycle 
100  (see  Figures  4  and  8).  Like  the  Ni49.8Ti50.2  alloy,  the  decrease  in  the  A^M  peak  TT  of  the 
Ni49.8Ti40.2Hfio  alloy  is  not  linear,  but  rather  decreases  rapidly  at  first  and  then  gradually 
stabilizes  at  a  temperature  (see  Figure  6).  Although  the  M->A  peak  of  the  Ni49,8Ti40.2Hfio  alloy 
shifts  to  lower  temperatures  during  thermal  cycling  (see  Figure  4),  the  M-^A  peak  TT  for  cycles  4 
through  6  is  higher  than  for  cycle  3  due  to  a  shift  in  the  position  of  maximum  heat  flow  on  the  peak 
from  a  posterior  to  anterior  position.  Also,  the  M->A  peak  TT  of  the  Ni49.8Ti40.2Hfio  alloy  has 
not  stabilized  after  100  cycles.  The  M->A  peakTT  is  still  decreasing.  A  comparison  of  the  data  in 
Figures  5  and  6  shows  that  the  A^M  TT  of  the  Ni49.8Ti40.2Hfi0  alloy  stabilizes  more  quickly 
than  the  A-^M  TT  of  the  Ni49.8Ti50.2  alloy.  A  comparison  of  the  data  in  Figures  7  and  8  shows 
that  the  M-^A  TT  of  the  Ni49.8Ti50.2  alloy  stabilizes  more  quickly  than  the  M->A  TT  of  the 
Ni49.8Ti40.2Hfio  alloy. 

The  difference  between  the  M^A  peak  TT  and  A-^M  peak  TT  is  a  measure  of  transformation 
hysteresis.  At  cycle  2,  the  hysteresis  is  about  34°C  for  the  Ni49.8Ti50.2  alloy  and  is  51°C  for  the 
Ni49.8Ti40.2Hfio  alloy.  At  cycle  100,  the  hysteresis  for  the  Ni49.8Ti50,2  alloy  is  35°C  (nearly  the 
same  as  for  cycle  2).  However,  for  the  Ni49.8Ti40.2Hfio  alloy,  the  hysteresis  at  cycle  100  is  43°C, 
which  is  8°C  less  than  at  cycle  2.  The  trend  of  decreasing  hysteresis  continues  beyond  cycle  100, 
and  is  seen  by  comparing  the  plots  in  Figures  6  and  8.  The  A->M  TT  has  stabilized  before  cycle 
100  (Figure  6),  but  the  M-^A  TT  continues  to  decrease  at  cycle  100  (Figure  8).  This  indicates  that 
the  hysteresis  of  the  Ni49.8Ti40.2Hfio  alloy  will  continue  to  decrease  with  additional  thermal 
cycling. 

The  shape  of  the  transformation  peaks  for  the  Ni49.8Ti50.2  and  Ni49.8Ti40.2Hfio  alloys 
changes  as  the  alloy  is  cycled.  The  A->M  and  M-^A  transformations  of  the  Ni49.8Ti50.2  alloy  are 
smooth  and  single  peaked  (see  Figures  1  and  2).  The  transformation  peaks  for  this  alloy  become 
narrower  and  have  a  greater  maximum  heat  flow  as  the  alloy  is  thermally  cycled.  The  A^M 
transformation  of  the  Ni49.8Ti40.2Hfio  alloy  starts  as  a  sharp  peak  with  a  lower  temperature 
shoulder  (cycle  2  in  Figure  3).  As  the  number  of  thermal  cycles  increases,  the  A->M  peak  evolves 
into  a  peak  with  two  maxima  (cycles  5  and  10  in  Fi^e  3),  and  then  becomes  a  broad  single  peak 
(cycle  100  in  Figure  3).  The  M-^A  transformation  of  the  Ni49.8Ti40.2Hfio  alloy  starts  as  a 
continuous  single  peak  (cycle  2  in  Figure  4).  With  additional  cycling,  the  peak  broadens  and  the 
position  of  maximum  heat  flow  shifts  from  a  posterior  to  anterior  position  (compare  cycles  2  and  5 
in  Figure  4),  and  a  low  temperature  shoulder  also  develops  on  the  peak  (see  cycles  5  and  10).  With 
additional  cycling,  the  M->A  peak  evolves  into  a  narrow  peak  having  a  jagged  maximum  heat  flow 
(cycle  100  in  Figure  4). 

When  these  alloys  are  thermally  cycled  through  their  phase  transformations,  the  movement  of 
the  transformation  peaks  to  lower  temperatures  and  the  change  in  shape  of  the  peaks  are  attributed 
to  the  introduction  of  defects,  such  as  dislocations,  into  the  structure  during  the  transformations. 
As  thermal  cycling  continues  there  are  reorganization  of  the  introduced  defects  and  formation  of 
dislocation  tangles.  This  is  in  agreement  with  the  explanation  of  Xiaodong  et  al.  [10].  The 
difference  in  behavior  of  the  Ni49.8Ti50.2  alloy  and  Ni49.8Ti40.2Hfio  alloy  is  due  to  the  lattice 
distortion  caused  by  the  size  difference  between  Hf  and  Ti,  and  to  Hf-Ti  and  Hf-Ni  electronic 
interactions,  which  alter  the  introduction  and  interaction  of  dislocations  in  the  lattice. 

CONCLUSIONS 

The  results  of  this  investigation  show  that  thermal  cycling  through  the  phase  transformations 
has  an  effect  on  the  A->M  and  M--»A  TTs  of  the  Ni49.8Ti50.2  and  Ni49.8Ti40.2Hfio  alloys. 
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•  The  A^M  and  M— >A  TTs  of  the  Ni49.8Ti50.2  and  Ni49.8Ti40.2Hfio  alloys  decrease  with  an 
increasing  number  of  thermal  cycles. 

•  The  A->M  TT  of  the  Ni49.8Ti40,2Hfl0  alloy  stabilizes  more  quickly  than  the  A-^M  TT  of  the 
Ni49.8Ti50.2  alloy  when  thermally  cycled. 

•  The  M-^A  TT  of  the  Ni49.8Ti50.2  alloy  stabilizes  more  quickly  than  the  M^A  TT  of  the 
Ni49.8Ti40.2Hfio  alloy  when  thermally  cycled. 

•  The  transformation  hysteresis  of  the  Ni49.8Ti40.2Hfio  alloy  decreases  with  increasing  number 
of  thermal  cycles.  This  decrease  in  hysteresis  is  not  observed  in  the  Ni49.8Ti50.2  alloy. 
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ABSTRACT 

Fe-Mn-Si  based  alloys  exhibit  the  shape  memory  effect  depending  on  their  composition. 
Upon  cooling,  these  alloys  undergo  a  martensitic  transformation  y  (fee)  — >  e  (hep),  and  a 
magnetic  transition,  at  the  Neel  temperature,  from  paramagnetic  to  antiferromagnetic  ordering  in 
the  Y-phase.  In  this  work,  the  structural  and  magnetic  phase  transition  temperatures  were 
determined  in  an  Fe-27Mn-2.5Si  (in  weight  %)  shape-memory  alloy,  using  differential  scanning 
calorimetry,  dilatometry,  electrical  resistivity,  Mdssbauer  spectroscopy,  and  X-ray  diffraction. 
The  transition  temperatures  measured  by  the  different  techniques  were  almost  the  same.  It  was 
observed,  by  calorimetry  and  electrical  resistivity  measurements,  that  the  magnetic  transition 
temperature  upon  cooling  was  very  close  and  slightly  higher  than  that  of  the  start  of  the 
martensitic  transformation,  thus  promoting  the  stabilization  of  the  y-phase.  Consequently,  the 
amount  of  thermally  induced  e-martensite  was  very  small.  Mdssbauer  spectroscopy  and  X-ray 
diffraction  measurements  showed  that  only  10%  of  e-martensite  was  formed  upon  cooling  to 
quite  low  temperatures. 


INTRODUCTION 

The  shape  memory  effect  (SME)  is  related  to  the  occurrence  of  a  structural  transition 
induced  in  the  material  during  deformation,  the  original  shape  being  recovered  when  the  reverse 
transformation  takes  place  upon  heating.  This  stress-induced  structure  modification  occurs 
through  a  special  class  of  solid  state  phase  transition,  named  the  martensitic  transformation.  Iron- 
manganese-silicon  based  alloys  exhibit  shape  memory  effect,  associated  with  the  y  (fee)  — >  8 
(hep)  martensitic  transformation.  The  SME  in  these  alloys  is  comparable  to  the  one  observed  in 
copper  and  Ti-Ni  based  alloys  [1-3],  but  Fe-Mn-Si  alloys  have  a  comparative  lower  cost  and  are 
easy  to  process  in  a  commercial  scale.  The  reverse  transformation  8  -^y,  occurs  in  these  alloys 
150  K  above  the  Y->e  transformation,  that  is,  the  hysteresis  is  high  [4].  Besides  the  structural 
transformation,  the  y-phase  in  Fe-Mn-Si  alloy  undergoes  a  magnetic  ordering  upon  cooling,  from 
paramagnetic  to  antiferromagnetic  [5].  The  antiferromagnetism  has  been  verified  and 
demonstrated  by  the  Mdssbauer  effect  for  the  y  phase  in  Fe-Mn  alloys,  near  the  composition  of 
17%Mn  [6].  Rabinkin  [7]  suggested  that  the  magnetic  effect  associated  with  the  paramagnetic  to 
antiferromagnetic  transition  in  the  y  structure  might  be  responsible  for  the  relative  stabilization  of 
the  y-phase  in  alloys,  with  large  Mn  contents,  and  predicted  that  the  range  of  Mn  alloying  will 
provide  the  possibility  of  inducing  the  y  —^e  transformation.  It  is  well  known  that  stabilization  of 
the  parent  phase  is  due  to  the  raising  of  the  Neel  temperature  (Tn)  associated  with  the  increase  of 
Mn  content,  since  the  Gibbs  free  energy  of  the  parent  phase  decreases  [8].  Study  of  the  effect  of 
the  Si  content  on  Tn  and  SME  in  Fe-30%Mn  alloys  [9]  shows  that  Tn  decreases  and  the  SME  of 
the  alloys  is  improved  with  an  increase  of  the  Si  content.  When  the  content  of  Si  is  about  6%,  the 
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SME  of  the  alloys  reaches  approximately  100%.  8  phase  can  be  considerated  like  a  kind  of 
stacking  fault  in  austenite.  It  can  be  formed  by  the  stacking  fault  energy  mechanism  in  alloys 
with  low  stacking  fault  energy.  Si  plays  an  important  roll  in  reducing  the  stacking  fault  energy  in 
austenite,  thereby  facilitating  the  martensitic  transformation,  and  favoring  the  SME.  Murakami  et 
al  [9]  confirmed  that  if  Tn  lies  high  above  the  temperature  at  which  the  martensitic 
transformation  starts,  Ms,  upon  cooling,  even  the  stress-induced  transformation  does  not  take 
place  and  no  SME  will  be  attained.  If  Ms  lies  above  Tn  and  room  temperature,  the  thermal 
martensite  will  suppress  the  stress-induced  formation  of  martensite,  leading  to  the  degradation  of 
the  SME  [9]. 

In  the  present  work,  we  determine  the  structural  and  magnetic  transformation 
temperatures  in  a  Fe-27Mn-2.5Si  (wt.  %)  alloy  with  SME  using  the  following  techniques: 
differential  scanning  calorimetry  (DSC),  dilatometry,  electrical  resistivity,  Mossbauer 
spectroscopy  and  X-ray  diffraction. 


EXPERIMENTAL  PROCEDURE 

The  Fe-Mn-Si  alloy  studied  in  this  work  was  prepared  by  induction  melting  using  high 
purity  (typically  99.9%)  materials  under  argon  atmosphere  and  casting  in  a  copper  mold.  An 
ingot  of  500  g  was  hot  rolled  at  1323  K  to  sheets  of  0.5  mm  of  thickness.  After  hot  working,  the 
sheets  were  annealed  at  1323  K  for  5  minutes  and  water  quenched. 

Dilatometry  measurements  were  performed  on  samples  of  1  mm  in  length,  cut  from  the 
sheets,  in  an  ultra-fast  quenching  dilatometer,  Adamel  Lhomargy  model  LK  02.  The  objective  of 
these  measurements  was  to  determine  the  phase  transformation  temperatures:  martensitic  start 
transformation  temperature,  Ms;  final  martensitic  transformation  temperature,  Mp;  start  of 
reverse  transformation  temperature.  As;  and  final  reverse  transformation  temperature,  Ap. 

Differential  Scanning  Calorimetry  (DSC)  measurements  were  made  with  TA  2920 
equipment,  operating  in  the  temperature  range  from  200  K  to  520  K.  The  aim  of  using  DSC  was 
to  measure  the  martensitic  transformation  temperatures,  as  well  as  the  Neel  temperature  of  the 
alloy.  The  sample  size  used  was  12  mm. 

Electrical  resistivity  measurements  were  carried  out  with  sample  of  60  x  2  mm  using  the 
four-lead  method  [3],  in  the  temperature  range  from  200  K  to  550  K.  The  sample  was  immersed 
in  a  temperature  controlled  silicone  bath. 

Mossbauer  spectroscopy  was  employed  to  investigate  the  amount  of  y-phase  and  e-phase 
and  to  characterize  the  antifeiromagnetic  ordering  of  the  y-phase.  Mossbauer  spectra  were 
collected  using  the  spectrometer  in  triangular  velocity  mode  with  ^^Co:  Rh  source,  in  the 
temperature  range  between  80  K  and  370  K. 

X-ray  diffraction  reveals  details  of  internal  structure  of  the  materials.  Data  were  collected 
in  the  20  mode  in  the  range  from  40°  to  55°,  at  different  temperatures  between  150K  and  550K, 
using  Rigaku  Geigerflex  2037  diffractometer.  Monochromatic  CuKa  radiation  was  employed. 


RESULTS  AND  DISCUSSION 

The  martensitic  and  reverse  transformation  temperatures,  Ms,  Mp,  As,  and  Ap,  obtained 
by  dilatometry,  DSC  and  electrical  resistivity,  are  shown  in  Figs,  la,  b  and  c,  respectively.  The 
y-^e  transformation  starts,  on  cooling,  at  approximately  290  K,  while  the  e-^y  transformation 
starts  at  approximately  420  K,  upon  heating.  Besides  the  structural  changes,  a  second 
transformation  is  observed  at  about  315  K  in  the  curves  of  DSC  and  electrical  resistivity,  both  on 


228 


cooling  and  heating.  The  paramagnetic— ^antiferromagnetic  transition  is  of  second  order,  and  is 
not  evidenced  in  the  dilatometric  curves  due  to  their  low  sensitivity,  but  Tn  is  clearly  identified 
as  an  inflection  point  in  DSC  and  resistivity  curves.  The  amount  of  heat  involved  in  the 
martensitic  and  austenitic  transformations  can  be  calculated  by  integrating  the  corresponding 
peaks  in  the  DSC  curves.  This  calculation  leads  to  0.8  J/g  for  the  martensitic  transformation  and 
approximately  1.9  J/g  for  the  reverse  transformation. 


100  150  200  250  300  350  400  450  500  550 

Temperature  (K) 

Fig.  1  -  Results  obtained  using  different  techniques  showing  the  temperatures  of  structural  and 
magnetic  transformations:  a)  dilatometry,  b)  DSC  and  c)  electrical  resistivity. 


Fig.  2  shows  the  evolution  of  the  X-ray  diffractograms  at  three  different  temperatures;  the 
lines  corresponding  to  e  and  y  phases  are  identified  with  their  respective  Miller  indices.  It  can  be 
observed  that  the  relative  intensity  ratio  of  e  to  y  phase  lines,  presents  no  significant  variation 
from  153  K  to  300  K,  but  decreases  at  523  K.  The  quantitative  determination  of  the  phases, 
through  the  integration  of  the  peaks  showed  that  10%  of  the  martensite  was  transformed  to 
austenite  during  heating. 

Mossbauer  spectra  in  the  temperature  range  of  80  K  to  370  K  are  shown  in  Fig.  3a.  The  y 
phase  of  the  Fe-27Mn-2.5Si  alloy  is  antiferromagnetic  and  shows  a  small  hyperfine  magnetic 
field  Hhf  =  4.2  T  at  low  temperature  (see  Fig  3b).  Approaching  the  Neel  temperature,  Hhf 
decreases  drastically.  We  calculated  Tn  by  the  extrapolation  of  Hhf  to  0  T.  Mossbauer  spectra 
were  taken,  first  when  cooling  down  the  sample,  and  then  when  increasing  the  temperature.  The 
spectra  widths  are  the  same  above  320  K.  From  these  data  we  determined  Tn  =  313  K.  From  the 
DSC  measurements  we  obtain  Tn  =  315  K,  for  both  the  cooling  and  heating  process.  We 
determined  the  value  of  325  K  for  Tn,  from  the  inflection  point  in  the  electrical  resistivity  curve. 
The  dispersion  of  the  values  obtained  for  Tn  is  only  3%.  By  subspectra  area  analysis,  we 
determined  the  amount  of  the  phases  present  in  the  sample.  We  concluded  that  only  a  small 
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percentage,  approximately  10%,  of  the  y-phase  transforms  to  8-phase.  That  was  confirmed  by  X- 
ray  data,  indicating  that  the  y  ^  e  transformation  was  incomplete. 


20(Cu^«) 


Fig.  2  X-ray  diffraction  patterns  obtained  for  the  alloy  FeMnSi  at  different  temperatures:  a)  153 
K,  b)  300  K,  and  c)  523  K. 


The  values  of  the  transformation  temperatures  obtained  with  the  four  techniques  show 
good  agreement,  as  can  be  seen  in  Table  I,  and  being  similar  to  those  reported  in  the 
literature!  10].  It  is  interesting  to  observe  that  the  Neel  temperature,  Tn  =  313  K,  and  the 
martensitic  start  transformation  temperature,  Ms  =  290  K,  are  very  close,  and  it  is  reasonable  to 
suppose  that  this  is  because  the  amount  of  e-martensite  forming  during  the  cooling  process  is 
small.  The  ordering  of  the  spins  induced  by  the  paramagnetic^antiferromagnetic  transition 
causes  a  decrease  in  the  Gibbs  free  energy  of  the  y-phase,  thereby  -  conferring  a  higher 
thermodynamic  stability  to  this  phase. 


Table  I  -  Transformation  temperatures,  Ms,  As,  Ap  and  Tn,  measured  with  the  techniques 
_  indicated. 


Method 

Ms(K) 

As  (K) 

Af(K) 

Tn(K) 

Dilatometry 

275 

430 

470 

Calorimetry 

290 

420 

480 

315 

Electrical  Resistivity 

290 

440 

500 

325 

Mossbauer  Spectroscopy 

— 

— 

313 

It  must  be  noted,  that  the  condition  pointed  out  by  Murakami  et  al.  [9],  for  suppressing 
the  stress  induced  martensitic  transformation,  namely  Tn  being  much  higher  than  Ms,  is  not 
attained  in  the  present  case.  This  means  that  although  thermal  martensite  is  partially  suppressed. 
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it  is  possible  that  stress  induced  martensite  formation  and  SME  are  not  influenced  by  the  relative 
positions  of  Tn  and  Ms  in  this  alloy. 


Velocity  (mm/s) 


Fig.  3  Mossbauer  spectra  of  Fe-27Mn-2.5Si  at  different  temperatures  showing  subspectra  of  the  e 
and  Y  phases  (a).  Hyperfine  Magnetic  Field  of  the  y-phase  as  a  function  of  temperature  (b). 


The  results  obtained  with  the  different  techniques  employed  make  it  possible  to  propose 
the  following  sequence  for  the  structural  and  magnetic  transformations  taking  place  in  the  alloy 
investigated: 

On  cooling:  Yp  ^  Ya  — >  Ya  +10%  e  (1) 

On  heating:  10  %  e  +  Ya  ^  Yp  +  10%  e  — >  Yp  (2) 

where  Yp  =  paramagnetic  austenite,  Ya  =  antiferromagnetic  austenite,  and  e  =  martensite. 


CONCLUSIONS 

Structural  and  magnetic  phase  transition  temperatures  were  determined  by  dilatometry, 
DSC,  electrical  resistivity  and  Mossbauer  spectroscopy  in  a  Fe-Mn-Si  alloy.  The  values 
obtained,  for  the  transition  temperatures,  using  the  different  techniques  show  a  good  agreement 
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between  them,  with  a  dispersion  around  5%.  The  occurrence  of  antiferromagnetic  ordering  in 
austenite  just,  before  the  start  of  the  martensitic  transformation,  seems  to  stabilize  the  austenite 
phase,  reducing  the  amount  of  e-martensite  forming  during  the  process. 
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fflGH  TEMPERATURE  THERMOELECTRIC  PROPERTIES  OF  SILICON  BORIDE 
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Tokai  University,  1117  Kitakaname,  Hiratsuka  259-1292,  Japan 


ABSTRACT 

Several  silicon  boride  phases  such  as  SiB4,  SiBe,  SiBe-x,  SiBe+x,  and  SinBsi,  were 
previously  reported.  Among  them,  SiBe  has  proved  to  be  a  potentially  useful  material  because  of 
its  excellent  electrical  conductivity,  high  degree  of  hardness,  moderate  melting  point,  and  low 
specific  gravity.  The  sintering  conditions  and  thermoelectric  properties  of  silicon  boride  (SiBe) 
ceramics  produced  by  hot  pressing  were  investigated  in  order  to  determine  the  suitability  of  this 
material  for  high-temperature  thermoelectric  applications  as  a  smart  material.  The  relative 
density  increased  with  increasing  sintering  temperature.  With  a  sintering  temperature  of  1923  K, 
a  sintered  body  having  a  relative  density  of  more  than  99%  was  obtained.  X-ray  dif&action 
analysis  showed  no  crystalline  phase  other  than  SiBe  in  the  sintered  body.  The  specimens  were 
prepared  for  measurement  of  the  electrical  conductivity  and  Seebeck  coefficient  by  the  D.C. 
four-terminal  method.  The  thermal  conductivity  of  SiBe  was  obtained  by  calculation  fi*om  the 
thermal  diffusivity  and  specific  heat  capacity  of  the  specimen.  The  electrical  conductivity  of 
SiB6  increased  with  increasing  temperature.  The  electrical  conductivity  of  the  polycrystalline 
SiBe  (99%  dense)  was  0.5  to  1.1  X 10^  S/m  at  298  to  1273  K.  The  thermal  conductivity 
decreased  with  increasing  temperature  in  the  range  of  room  temperature  to  1273  K.  The  thermal 
conductivity  was  9.1  to  2.5  W/mK  in  the  range  of  room  temperature  to  1273  K.  The  Seebeck 
coefficient  of  SiB^  increased  with  increasing  temperature.  The  Seebeck  coefficient  of  SiBe  was 
140  X 10"^  V/K  at  1273  K.  The  figure  of  merit  Z  of  SiBe  increased  with  increasing  temperature. 
The  Z  of  SiBe  reached  8.1  X  lO"^  /K  at  1273  K.  The  ZT  value  is  useful  to  evaluate  the  ability  of 
thermoelectric  materials.  The  ZT  value  reached  0.01  at  1273  K.  Based  on  the  results,  SiBe 
showed  very  good  thermoelectric  material  characteristics  at  high  temperature. 

INTRODUCTION 

Metal-Borides  have  been  attractive  industrial  materials  because  of  their  high  temperature 
properties,  high  hardness  and  excellent  electrical  conductivity.  Several  silicon  boride  phases 
such  as  SiB4,  SiBe,  SiBe-x,  SiBe+x,  and  SiiiBsi  were  previously  reported.  SiBe  was  discovered  in 
1900  when  a  mixture  of  silicon  and  boron  was  melted  [1].  SiBe  is  a  prospective  material  for  use 
as  a  thermoelectric  semiconductor  [2],  and  has  excellent  electrical  conductivity,  high  degree  of 
hardness,  moderate  melting  point,  and  low  specific  gravity. 

In  the  present  work,  A  SiBe  sintered  body  produced  by  hot  pressing  was  investigated  in 
order  to  determine  the  suitability  of  this  material  for  thermoelectric  applications  at 
high-temperature.  The  influence  of  temperature  on  the  electrical  conductivity  and  the  influence 
of  temperature  on  the  thermal  conductivity  and  thermoelectric  property  of  a  SiBe  sintered  body 
were  investigated. 

EXPERIMENTAL  PROCEDURE 

In  this  present  work,  SiBe  powder  manufactured  by  CERAC  Co.  was  used  as  the  starting 
material.  A  SiBe  sintered  body  was  prepared  by  hot  pressing  in  a  VHP  gr  18/15  from 
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SHIMADZU  MECTEM.  Inc.  Table  1  Table.l.  Sintering  conditions  of  hot  pressing, 
shows  smtermg  condition.  SiBe  was 
prepared  by  hot  pressing  using  carbon  jigs. 

SiBe  powder  and  sintered  body  were 
subjected  to  X-ray  diffraction  (  XRD  ) 
analysis  for  phase  characterization  using 
an  X-ray  diffraction  meter  with  an 
APD1700  goniometer  provided  with  a 
monochromator  and  using  CuKa  from 
Philips  Ltd.  A  sintered  body  of  SiBe 
(  theoretical  density  :  2.42  X  10^  kg/m^  )  was  studied  to  determine  optimum  sintering 
temperature.  The  relative  density  of  the  sintered  body  was  determined  using  the  Archimedean 
method  and  scanning  electron  microscope  (  SEM  )  observations.  SiB6  specimens  were  prepared 
by  hot  pressing  and  smaller  specimens  were  cut  out  for  measurement  of  the  electrical  properties 
(2X2X15  mm  )  and  high  temperature  Vickers  hardness  (5X5X10  mm  ).  High  temperature 
electrical  conductivity  was  measured  using  a  D.C.  four-terminal  method  in  a  tube  type  electric 
furnace  under  Ar-5  %  H2  atmosphere.  In  the  measurement  apparatus  for  D.C.  four-terminal 
method  pure  Pt  wire  (  99.9  %  )  was  used,  and  temperature  was  measured  with  two  K 
thermo-couples  located  at  each  end  of  the  specimen.  The  high  temperature  electrical 
conductivity  was  measured  at  room  temperature  to  1273  K.  The  measurement  of  terminal 
voltage  was  made  using  a  digital  multi-meter  from  KEITHLEY  with  an  electric  current  density 
of 250  A/ml 

The  Seebeck  coefficient  was  measured  at  room  temperature  to  1273  K.  The  specimens  for 
the  Seebeck  coefficient  measurements  made  over  a  heated  small  temperature  range  (dT:10  K), 
and  then  the  electromotive  force  was  measured  using  a  digital  multi-mete.  Seebeck  coefficient 
was  expressed  as 


ftesstEe(NPa) 

40 

Atmosphere  (f^) 

1X10^ 

I^atingrate(K/s) 

0.17 

Sintering  temperatue  (K) 

1823~1923 

Sintering  time  (ks) 

3.6 

Cooling  condition 

Furnace  cooling 

AV 


V.-V 


_  ’h 


a-  — +ap,  = 

AT  ”  T-T 


(1) 


where  a  is  Seebeck  coefficient.  Th  and  To  are  the  temperature  of  the  hot  and  cold  ends  of  a 
couple.  Vh  and  Vc  are  the  voltages  of  hot  and  cold  ends  of  a  specimen  [3,4]. 

Thermal  conductivity  is  measured  using  a  laser-flash  teclmique  by  TC-7000  from  ULVAC 
JAPAN  Ltd.  SiB6  sintered  bodies  for  thermal  conductivity  were  cut  into  specimens  having  a 
diameter  of  10  and  a  length  of  2.  The  measurements  were  performed  ranging  from  room 
temperature  to  1273  K.  The  thermoelectric  figure  of  merit ,  Z  values,  is  expressed  as 


K 

where  Z  is  the  thermoelectric  figure  of  merit  value,  a  is  Seebeck  coefficient  ,  cr  is  electrical 
conductivity,  and  a:  is  thermal  electrical  conductivity,  respectively  [5]. 

The  ZT  value  is  expressed  as 


Zr  =  — T  (3) 

K 

where  T  is  temperature  [6]. 
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RESULTS  AND  DISCUSSION 


Figure  1  shows  the  relationship  between  the  sintering  temperature  and  relative  density.  The 
relative  density  of  a  SiB6  sintered  body  increases  with  increasing  sintering  temperature.  The 
relative  density  of  a  SiBe  sintered  body  is  above  99  %  at  1923  K. 

Figure  2  shows  the  X-ray  diffraction  patterns  of  a  sintered  body  of  SiBe.  It  can  be  seen  that 
only  the  SiB^  phase  is  present. 


Sintering  temperature  (  K  )  191  0 

Fig.l.  Relationship  between  relative  Fig.2.  X-ray  diffraction  patterns  of  SiB6 

density  and  sintering  temperature.  powder  and  sintered  bodies. 

Figure  3  shows  scanning  electron  microscope  (SEM)  photographs  of  SiBe  sintered  bodies. 
SEM  observations  were  made  on  the  surfaces  of  the  sintered  bodies 


a  )  SiBg  as-received  b  )  SiB^  sintered  body 

Sintering  temperature :  1923K 

Fig.3.  SEM  photographs  of  SiB^. 
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Figure  4  shows  the  temperature  dependence  of  the  electrical  conductivity.  The  electrical 
conductivity  of  the  SiBe  sintered  body  increased  with  increasing  temperature  for  all  the 
specimens.  The  electrical  conductivity  of  the  specimen  at  1273  K  was  1,1X10^  S/m. 

Figure  5  shows  the  temperature  dependence  of  Seebeck  coefficient.  It  shows  that  Seebeck 
coefficient  increases  with  increasing  temperature.  The  Seebeck  coefficient  of  a  SiBe  sintered 
body,  that  is  sintered  at  1923  K  and  measured  from  room  temperature  to  1273  K,  changed 
from  -5.1  X 10'^  to  140  X  lO"^  V/K.  This  figure  shows  that  the  carrier  changed  from  electron  to 
hole  at  about  773  K. 

Figure  6  shows  the  temperature  dependence  of  thermal  conductivity.  The  thermal 
conductivity  of  a  SiBe  sintered  body,  that  is  sintered  at  1923  K,  decreased  with  increasing 
temperature.  The  thermal  conductivity  of  the  SiBe  sintered  body,  that  is  sintered  at  1923  K  and 
measured  from  room  temperature  to  1273  K,  changed  from  9.1  to  2.5  W/mK. 

Figure  7  shows  the  temperature  dependence  of  figure  of  merit  value,  Z.  The  Z  of  SiBe 
reached  8.1  X 10^  /K  at  1273  K. 
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Fig.4.  The  temperature  dependence 
of  the  electrical  conductivity. 
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Fig.6.  The  temperature  dependence  of 
thermal  conductivity. 


Fig.5.  The  temperature  dependence 
of  Seebeck  coefficient. 
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Fig.7.  The  temperature  dependence 
of  figure  of  merit  value,  Z. 
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Figure  8  shows  the  temperature  dependence  of  ZT  values.  The  ZT  value  is  useful  to  evaluate 
the  ability  of  thermoelectric  materials.  The  ZT  value  reached  0.01  at  1273  K. 
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Fig.8.  The  temperature  dependence  of  ZT  value. 


CONCLUSIONS 

SiBe  ceramics  produced  by  hot  pressing  were  investigated  in  order  to  determine  the 
suitability  of  this  material  for  high-temperature  thermoelectric  applications.  The  relative  density 
of  a  SiB6  sintered  body  increased  with  increasing  sintering  temperature.  The  relative  density  of  a 
SiBe  sintered  body  is  above  99  %  at  a  1923  K  sintering  temperature.  The  X-ray  diffraction 
patterns  of  the  SiBe  sintered  body  shows  that  SiBe  is  the  only  material  present.  The  electrical 
conductivity  of  a  SiBe  sintered  body  increased  with  increasing  temperature  for  all  the  specimens. 
The  electrical  conductivity  of  a  specimen  at  1273  K  was  1.1X10^  S/m.  The  Seebeck  coefficient 
increased  with  increasing  temperature.  The  Seebeck  coefficient  of  a  SiBe  sintered  body,  that  is 
sintered  at  1923K  and  measured  from  room  temperature  to  1273K,  changed  from  -5.1  X 10'® 
to  140X 10"^  V/K.  It  shows  that  the  carrier  changed  from  electron  to  hole  at  about  773  K.  The 
thermal  conductivity  of  a  SiBe  sintered  body,  that  is  sintered  at  1923K,  decreased  with 
increasing  temperature.  The  thermal  conductivity  of  a  SiBe  sintered  body,  that  is  sintered  at 
1923K  and  measured  from  room  temperature  to  1273K,  changed  from  9.1  to  2.5  W/mK.  The 
figure  of  merit  value,  Z,  was  estimated  to  be  8.1  X 10'^  /K  at  1273  K.  The  ZT  value  is  useful  to 
evaluate  the  ability  of  thermoelectric  materials.  The  ZT  value  reached  0.01  at  1273  K. 
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ABSTRACT 

The  Au  /  PbZrxTii-xOa  (PZT)  ferroelectrics  /  YBa2Cu307.x  (YBCO)  superconductor  / 
yttria-stabilized  zirconia  (YSZ)  heterostructures  were  prepared  on  Si  (100)  substrate  by  KrF 
excimer  laser  ablation  technique.  The  x-ray  diffraction  patterns  showed  that  the  PZT  films 
prepared  on  YBCO  /  YSZ  /Si  at  550°C,  O2  100  mTorr  and  a  laser  energy  density  of  2 
J/cm^(5Hz)  are  pure  perovskite  and  highly  oriented  with  the  (00/)  orientation.  The 
polarization  (P)-electric  field  (E)  characteristics  showed  the  remanent  polarization  Pr  of  23 
frC/cm^  and  coercive  field  of  35  kV/cm.  Pr  of  the  PZT  capacitor  degraded  to  one  half  of 
initial  value  after  about  10^®  switching  cycles  (50  kHz). 


INTRODUCTION 

PZT  ferroelectric  thin  film  has  been  widely  studied  as  the  promising  materials  for 
dynamic  random  access  memory  (DRAM),  ferroelectric  random  access  memory  (FeRAM) 
[1],  metal  /  ferroelectrics  /  semiconductor  field  effect  transistor  (MFSFET)  and 
superconducting  field  effect  transistor  (SuFET)  [2,3].  It  is  difficult  to  deposit  oxide 
materials  directly  on  Si  substrates.  Many  researchers  attempt  to  use  buffer  layers  such  as 
MgO  [4],  Ce02,  SrTiOa  [5,6],  YSZ  [7-9]  to  prevent  reaction  with  Si  and  diffusion  into  Si 
substrate.  Here,  we  use  the  YSZ  buffer  layer  to  avoid  the  reaction  between  the  bottom  oxide 
thin  film  electrode  and  Si  substrate,  because  YSZ  having  chemical  stability  and  high 
resistivity  can  grow  heteroepitaxially  on  Si  substrate.  Oxide  electrodes  such  as  RUO2,  Ir02, 
SrRuOs  [10]  and  LaxSri.xCoO.!  [11]  have  been  investigated  for  the  bottom  electrode  of  the 
PZT  capacitor.  YBCO  is  a  candidate  of  the  oxide  bottom  electrodes,  which  is  good  lattice 
matching  with  both  YSZ  and  PZT  [12]. 

The  oxide  thin  films  are  fabricated  by  various  techniques  such  as  chemical  vapor 
deposition,  reactive  sputtering,  sol-gel  spin  coating  and  laser  ablation.  The  laser  ablation 
technique  is  suitable  for  the  oxide  heterostructures  film,  due  to  the  advantages  of  high 
deposition  rate,  reproducibility,  stoichiometry  transfer  from  target  to  substrate,  lower 
deposition  temperature  and  multi  targets  system. 

In  this  work,  we  report  the  ferroelectric  and  structural  properties  of  the  Au  /  PZT  / 
YBCO  /  YSZ  /  Si  heterostructures  fabricated  by  KrF  excimer  laser  ablation  technique. 


EXPERIMENT 

The  PZT  /  YBCO  /  YSZ  heterostructures  film  was  prepared  by  KrF  excimer  laser 
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ablation  method.  Figure  1  shows  a  schematic  diagram  of  laser  ablation  system.  The  ambient 
oxygen  gas  was  fed  into  the  stainless  steel  chamber  ((1)=280  mm)  after  evacuating  to  base 
pressure  of  lO"^  Torr.  The  pressure  of  oxygen  was  adjusted  by  a  mass  flow  controller.  The 
Si  (100)  substrate  was  heated  by  a  Neocera  flat  plate  heater.  Lambda  Physik  LPX305icc 
KrF  excimer  laser  beam  (X=248  nm,  pulse  duration=25  ns,  maximum  output=850  mJ/pulse) 
was  directed  to  the  rotating  stoichiometric  ceramic  targets  of  PbZro.52Tio.48O3,  YBa2Cu307.x 
and  (Zr02)o.97  (Y203)o.o3-  The  target  was  ablated  and  the  resulting  plasma  plume  was  caught 
on  Si  substrate  placed  in  front  of  the  target.  The  PZT  /  YBCO  /  YSZ  heterostructures  can  be 
prepared  by  changing  the  target.  The  distance  from  target  to  Si  substrate  was  40  mm.  All 
layers  were  deposited  at  a  laser  repetition  rate  of  5  Hz.  Deposition  of  YSZ  on  the  Si  (100) 
substrate  was  carried  out  in  an  oxygen  pressure  of  1  mTorr  at  775°C  and  laser  energy 
density  of  3  J/cm^.  The  second  YBCO  layer  was  deposited  at  710°C  in  an  oxygen  pressure 
of  200  mTorr.  Finally,  PZT  was  grown  at  550°C  in  an  oxygen  pressure  of  100  mTorr.  The 
laser  fluence  of  YBCO  and  PZT  was  2  J/cm^.  Ailer  deposition,  whole  heterostructures  was 
post-annealed  in  an  oxygen  pressure  of  600  Torr  at  400°C  for  an  hour  and  cooled  down  to 
the  room  temperature.  Table!  shows  the  deposition  conditions  of  YSZ,  YBCO  and  PZT 
layers. 

The  ferroelectric  characteristics  of  the  PZT  film  such  as  P-E  hysteresis  loop  and 
switching  fatigue  property  were  measured  by  Sawyer-Tower  circuit.  LCR  meter  (NF 
Electronic  Instruments  LCZ2345)  was  used  to  measure  the  dielectric  constant  and  tanS.  The 
whole  structures  were  examined  using  x-ray  diffractometer  (Rigaku  RINT2000/PC)  with 
CuKa  radiation.  The  surface  morphology  of  the  film  was  observed  by  atomic  force 
microscopy  (Seiko  Instruments  Inc.  SPI3800N).  The  film  thickness  was  estimated  by 
cross-sectional  scanning  electron  microscopy  (JEOL  JSM-T200). 


Figure  1 .  A  schematic  diagram  of  KrF  excimer  laser  ablation  method. 
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Table  1 .  Deposition  conditions  of  the  YSZ,  YBCO  and  PZT  film. 


YSZ 

YBCO 

PZT 

Target 

(Zr02)o.97(Y203)o.03 

YBa2Cu307-x 

PbZro.52Tio.48O3 

Repetition  rate 

5Hz 

5Hz 

5Hz 

Laser  fluence 

3  jW 

2  J/cm^ 

2  JW 

Deposition  time 

30  min. 

10  min. 

13  min. 

Film  thickness 

800  nm 

400  nm 

400  nm 

Substrate  temperature 

775°C 

viot: 

550°C 

Oxygen  pressure 

1  mTorr 

200  mTorr 

100  mTorr 

Anneal 

400°C,600Torr,60  min. 

RESULTS  AND  DISCUSSION 

Figure  2  shows  the  x-ray  diffraction  spectrum  (CuKa  radiation)  of  the  PZT  /  YBCO  / 
YSZ  /  Si  (100)  heterostructure  film.  All  layers  show  c-axis  orientation  perpendicular  to  the 
Si  substrate.  Only  pure  perovskite  structures  were  grown  on  the  substrate.  The  calculated 
c-axis  lattice  constants  of  PZT,  YBCO  and  YSZ  are  0.4084  nm  (20  =  44.32°  ),  1.1705  nm 
(20  -  46.51°  )  and  0.5181  nm  (20=34.60°  ),  respectively.  These  obtained  lattice 
constants  provide  other  axis  lengths;  a=0.3922nm  for  PZT,  a=0.3828nm  and  b=0.3894nm 
for  YBCO  ,  a=0,5181nm  for  YSZ.  Considering  that  (a^+b^)^^^  of  YBCO  is  0.546nm  which 
is  near  the  a-axis  length  of  YSZ,  the  above  result  shows  that  each  thin  layer  is  epitaxially 
grown  with  small  lattice  mismatching  (1-5%). 

The  surface  morphology  (1  pm  x  1  pm)  of  each  layer  was  observed  by  atomic  force 
microscopy.  The  surface  of  YSZ  deposited  on  the  Si  substrate  was  very  smooth  (maximum 
roughness  <  5  nm).  The  mean  grain  size  and  maximum  roughness  of  YBCO  before  the 
deposition  of  PZT  were  200  nm  and  20  nm,  respectively.  Top  ferroelectric  PZT  has  mean 
grain  size  of  100  nm  and  maximum  roughness  of  50  nm.  The  smooth  surface  of  YSZ  buffer 
layer  results  in  high  quality  YBCO  and  PZT  films.  Figure  3  shows  the  P-E  hysteresis 
loops  of  the  Au  /  PZT  /  YBCO  capacitor  onto  the  YSZ  /  Si  comparing  with  the  Au  /  PZT  / 
YBCO  /  MgO  heterostructures.  Thickness  and  deposition  conditions  of  PZT  and  YBCO 
layer  for  the  MgO  (100)  single  crystal  substrate  sample  are  the  same  as  YSZ  /  Si  substrate 
heterostructure  film.  The  circular  Au  top  electrode  (  a  diameter  of  200  pm  )  was  fabricated 
through  a  stainless  steel  mask  using  thermally  evaporation  method.  Electrical  measurement 
was  carried  out  by  Sawyer-Tower  circuit  (triangular  voltage,  30  Vp.p,  1  kHz)  at  the  room 
temperature.  Au  /  PZT  /  YBCO  /  YSZ  /  Si  capacitor  has  remanent  polarization  Pr  of  23 
pC/cm^  and  coercive  field  of  35  kV/cm,  which  are  comparable  with  the  properties  of  the 
MgO  substrate  sample  (  Pr  of  33  pC/cm^  and  Ec  of  40  kV/cm). 


241 


Figure  2.  The  x-ray  diffraction  pattern  of  PZT/YBCO/YSZ/Si(l  00). 


Figure  3.  Polarization  (F)  versus  Electric  field  (E)  hysteresis  curves  of 
the  Au/PZT  (400nm)A:^CO(400nm)A^SZ(800nm)/Si,  compared  with 
Au/PZT(400nm)/YBCO(400nm)/MgO. 
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Frequency  (Hz) 

Figure  4.  Frequency  dependence 
of  dielectric  constant  ^d  tanS. 


Switching  Cycles 


Figure  5.  A  plot  of  remanent 
polarization  Pr  versus  switching  cycles  at 
50  kHz  for  Au/PZTA^COA"SZ/Si 
capacitor. 


Figure  4  indicates  the  operating  frequency  dependence  of  the  dielectric  constant  and 
loss  tan5.  The  dielectric  constant  decreases  from  1050  at  50  Hz  to  850  at  100  kHz.  The  loss 
tand  has  constant  value  of  about  0.05  in  the  range  from  50  Hz  to  10  kHz,  and  then 
gradually  increases  up  to  0.1  (100  kHz). 

Figure  5  shows  the  switching  fatigue  property  of  remanent  polarization  (rPr^  - 
Pr  )  versus  switching  cycles  for  the  Au  /  PZT  /  YBCO  capacitor  on  the  YSZ  /  Si  substrate. 
The  frequency  of  applied  triangular  voltage  (30  Vp.p)  is  50  kHz.  Lp,  was  fatigued  with 
switching  cycles  and  it  decreases  one  half  of  initial  value  after  10^°  cycles.  On  the  other 
hand,  the  coercive  force  for  the  silicon  substrate  sample  is  similar  to  the  MgO  substrate 
sample  (about  40kV/cm).  The  use  of  YBCO  electrode  is  an  alternative  to  prevent  the 
switching  fatigue.  The  rapid  fatigue  may  be  due  to  the  interfacial  diffusion  and  the  grain 
boundary  based  on  this  multilayered  structure  formed  on  the  silicon  substrate  because  the 
ramanent  polarization  of  the  PZT/YBCO/MgO  capacitor  shows  slower  fatigue  indicating 
about  20%  decrease  after  10^°  cycles.  The  leakage  current  characteristics  as  well  as  the 
surface  morphology  for  each  layer  will  be  studied  for  various  capacitors  formed  from 
different  layer  thickness  couples. 


CONCLUSIONS 

We  have  studied  the  ferroelectric  properties  of  the  Au  /  PZT  /  YBCO  capacitor  prepared 
on  the  YSZ  buffered  Si  (100)  substrate.  The  x-ray  diffraction  spectrum  consists  of  only  the 
c-axis  crystallized  (00/)  diffraction  peaks.  AFM  images  revealed  the  each  layer  has  very 
smooth  surface  with  large  grain.  High  remanent  polarization  Pr  of  23  pC/cm^,  low  coercive 
field  of  35  kV/cm  and  large  dielectric  constant  with  low  loss  tan  S  indicate  excellent 
ferroelectric  performance  of  this  structure.  In  the  case  of  MgO  (100)  substrate,  the 
hysteresis  loop  was  almost  the  same  as  YSZ  /  Si  substrate.  We  found  that  YSZ  buffer  layer 
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assists  the  heteroepitaxial  YBCO  growth  on  the  Si  (100)  substrate  and  that  the  YBCO  is 
suitable  for  the  bottom  electrode  of  ferroelectric  PZT  capacitor. 
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ABSTRACT 

This  paper  provides  an  overview  of  magnetostrictive  transducer  technology.  The  bi-directional 
coupling  between  the  magnetic  and  mechanical  states  of  a  magnetostrictive  material  provides  a 
transduction  mechanism  that  can  be  used  both  for  actuation  and  sensing.  The  current  interest  in  design  of 
adaptive  smart  structures,  coupled  with  the  advent  of  materials  that  exhibit  high  sensor  figures  of  merit, 
such  as  Metglas  and  giant  magnetostrictive  materials  such  as  Terfenol-D  has  lead  to  a  renewed  interest  in 
the  engineering  of  optimized  magnetostrictive  transducer  designs.  A  survey  of  recent  applications  for 
giant  magnetostrictive  materials  as  both  sensors  and  actuators  and  their  use  in  smart  structure  applications 
will  be  presented  along  with  a  brief  discussion  of  some  pertinent  device  design  issues.  Examples  of 
magnetostrictive  actuation  used  to  produce  displacements,  force  and  acoustic  waves  are  summarized. 
Magnetostrictive  sensor  configurations  that  measure  motion,  stress  or  force,  torque,  magnetic  fields  and 
target  characteristics  are  discussed.  A  very  brief  look  at  transducer  modeling  and  experimental  results  is 
included  and  schematics  of  a  number  of  actuator  and  sensor  configurations  are  presented. 

BACKGROUND 

Since  the  mid-seventies,  there  has  been  a  steady  growth  in  research  on  smart  structures  and  a 
particular  emphasis  has  been  the  need  for  the  development  of  actuators  with  increased  bandwidth,  force 
and  displacement  capabilities.  Additionally,  the  last  ten  years  has  seen  an  explosion  in  sensor  technology. 
Indeed,  by  the  year  2000  the  worldwide  sensor  market  is  expected  to  top  $13  billion'.  The  recent 
increased  interest  in  magnetostrictive  device  technology  results  from  improvements  in  magnetostrictive 
material  performance,  experience  with  magnetostrictive  applications,  and  in  this  age  of  “information 
technology”,  the  increased  use  of  sensors,  actuators,  and  their  combined  use  in  conjunction  with  control 
systems  for  an  ever  increasing  range  of  applications. 

Magnetism  and  Magnetostriction 

In  order  to  facilitate  the  description  of  magnetostrictive  devices  in  later  sections,  several  equations 
describing  magnetic  and  magnetostrictive  effects  are  presented.  Magnetostrictive  materials  convert 
magnetic  energy  to  mechanical  energy  and  vice  versa.  As  a  magnetostrictive  material  is  magnetized,  it 
strains.  If  a  force  produces  a  strain  in  a  magnetostrictive  material,  the  material’s  magnetic  state  will 
change.  This  bi-directional  coupling  between  the  magnetic  and  mechanical  states  provides  a  transduction 
mechanism  that  can  be  used  to  simultaneously  produce  and  measure  a  property  of  interest.  The 
magnetostrictive  process  relating  the  magnetic  and  mechanical  states  can  be  described  with  the  two 
coupled  linear  equations,  Eqns.  (1,2)^  ^  These  equations  of  state,  written  below  in  terms  of  axial 
parameters  only,  are  expressed  in  terms  of  mechanical  parameters  (strain  £,  stress  cr.  Young’s  modulus  at 
constant  applied  magnetic  field  E/),  magnetic  parameters  (applied  magnetic  field  H,  magnetic  induction 

B,  permeability  at  constant  stress  and  two  magnetomechanical  coefficients  (the  strain  coefficient  d  = 
(d£/  d//)l(j,  and  d*  =  (dB  /  dcr)!  Jf  )  Thus,  neglecting  temperature  and  three  dimensional  effects, 

e=GlE”  +  dH  (1) 

B  =  d*G+^<^H  (2) 

where  e  and  B  are  dependent  on  the  externally  applied  quantities  <J  and  H.  The  application  of  a  stress  will 
cause  a  change  in  the  strain  and  also  produces  a  change  in  the  magnetic  induction.  This  later  effect  can 
also  be  expressed  as  a  change  in  permeability  by  writing  Eqn.  2  in  a  more  general  form, 

B  (3) 

In  equation  3  the  effects  of  stress  are  included  in  the  permeability,  fJL  Permeability  can  be  monitored 
since  both  B  and  H  can  be  related  to  measurable  electrical  quantities  as  described  in  equations  4  and  5. 
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In  the  e^Iy  19th  century,  Oersted  discovered  that  a  moving  charge  generated  a  magnetic  field  in  a 
plane  perpendicular  to  the  direction  of  charge  motion.  Thus,  a  current  in  a  conductor  could  be  used  to 
produce  a  ma^etic  field  around  the  conductor.  Amperes  law  describes  this  electromagnetic  relationship 
For  a  long,  thin  solenoid  having  a  number  of  turns  Nc  and  a  length  4  a  simple  expression  is  derived, 


Placing  a  magnetostrictive  element  inside  such  an  excitation  coil  (solenoid)  with  an  impressed  current  / 
provi^s  an  efficient  means  of  mapetizing  the  element  and  producing  controlled  strain  and  force  output^ 
The  law  of  electromagnetic  induction  (Faraday-Lenz  law)  describes  how  a  magnetic  flux,  q>  =  BAr 
Ae,  induces  a  potential  in  an  electrical  conductor  to  which  it  is  flux-linked.  In  its  simplest 
difrerential  form,  the  Faraday-Lenz  law  is  given  by 


where  V  is  the  induced  voltage  in  the  solenoid  of  constant  area  Ac.  According  to  this  law,  a  potential  will 
be  induced  in  any  electrically  conducting  material  that  makes  up  the  magnetic  circuit. 

The  excitation  coil  described  by  equation  4  can  be  used  to  generate  a  magnetic  field  in  a  sample 
spatially  separated  from  the  coil.  According  to  Gauss’s  law  of  magnetism 
V.B  =  0,  ’ 

the  divergence  of  fi  is  zero,  'l^is  means  that  the  magnetic  flux  is  always  conserved.  Thus  magnetic  flux 
hnes  close,  defining  a  magnetic  circuit,  and  elements  of  the  magnetic  circuit  through  which  magnetic  flux 
flows  are  said  to  1^  flux-linked.  This  makes  it  possible  to  magnetize  one  component  of  the  magnetic 
circuit  by  generating  a  magnetic  field  in  another  component.  Based  on  the  principle  expressed  by 
equations  5  and  6,  it  is  possible  to  measure  the  magnetic  flux  density  in  a  magnetic  circuit  by  the  voltage 
induced  in  a  flux-linked  detection  coil. 


j  Transducer 

Transduction  ; . , 

Magnetostrictive  materials  are  magneto-elastic  in  the  - 1 - 1  j  j 

sense  that  they  do  work  in  the  process  of  converting  between  t  v  Tn  i  < — f;;;; —  j  —  p  t 
magnetic  and  elastic  (or  mechanical)  energy  states.  |  ^  j  ^  ^  i  | 

However,  magnetostrictive  transducers  are  generally  j  \ - 

classified  as  electro-mechanical  devices  or  electro-magneto-  c-  rr  . . . 

mechanical  because  their  input  and  output  are  generally  1  •  Two  port  transducer  schematic, 

electric^  and  mechanical  in  nature.  The  conversion  of  magnetic  energy  to  and  from  electrical  and/or 
mechanical  is  transparent  to  the  device  user.  A  common  two-port  schematic  appropriate  for  both 
magnetostnctive  sensing  and  actuation  devices  is  given  in  Figure  1.  The  magnetostrictive  driver  is 
represented  by  the  center  block,  with  the  transduction  coefficients  T„e  (mechanical  due  to  electrical)  and 
lem  (electncal  due  to  mechanical)  indicative  of  both  the  magneto-elastic  attributes  characterized  by  ^ns. 

^  the  electro-magnetic  attributes  associated  with  conversion  between  electrical  and  magnetic 
fields  characterized  by  Eqns.  4  and  5.  The  transduction  process  relating  the  electrical  and  mechanical 
states  CM  be  described  with  two  coupled  linear  equations  .  These  canonical  equations  are  expressed  in 
terms  of  m^hanical  parameters  (force  F,  velocity  v,  mechanical  impedance  Z„),  electrical  parameters 
(applied  voltage  V,  current  /,  electrical  impedance  Z,),  and  the  two  transduction  coefficients: 

f=T„/  +  2,v.  (8) 


Examples  of  device  specific  performance  in  response  to  different  DC  magnetic  bias  levels,  stress  and 
frequency  are  shown  in  Figures  2-4  respectively.  Figure  2a  depicts  the  effect  of  DC  bias  on  five  minor 
hysteresis  loops  collected  by  driving  the  device  at  0.7  Hz  with  an  applied  of  ±5  kA/m  as  the  DC  magnetic 
bias  was  increase  from  5  to  45  kA/m  in  increments  of  10  kA/m.  Figure  2b  shows  frequency  response 
functions  of  acceleration  per  input  current,  where  the  change  in  the  transducer’s  axial  resonant  frequency 
vMes  from  1350  Hz  to  over  2000  Hz  reflecting  the  effect  of  DC  bias  on  the  elastic  modulus  (the  delta  E 
effect)  .  (Note  that  the  device  housing  resonance  at  3300  Hz  is  not  effected  by  the  changing  DC  magnetic 
field.)  Figure  3  illustrates  the  sensitivity  of  major  strain-applied  field  hysteresis  loops  to  variations  in 
mechanical  load  or  prestress.  The  upper  traces  in  Figures  4a-c  are  Bode  plots  of  strain  per  applied  field, 
strain  per  magnetization  and  magnetization  per  applied  field,  respectively.  The  lower  traces  are  minor 
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<10"  <10*  -210*  0  210*  4  10*  610*  Figufc  2b.  Acceleration  per  input  current 

«  „  .  ”  ,  j-  frequency  response  functions  at  DC  bias 

Figure  2a  Strain  versus  appM  field  major  of  (from  left  to  right):  20,  30.  36,  42, 

hysteresis  loop  and  minor  loops  for  AC  fields  of  j  i  a  / 

±5  kA/m  at  0.7  Hz  at  DC  bias  levels  of  5. 15, 25,  50,  and  60  kiVim 

35,  and  45  kA/m.  Device  mechanical  load  is  a  — oltef 

prestress  of  6.9  MPa. 

hysteresis  loops  of  these  quantities  recorded  at  (from  ...  ^ 

left  to  right)  frequencies  of  10,  100,  500,  800,  1000,  §  o.76 

1250,  1500  and  2000  Hz.  |  ^ 

Such  information  can  be  used  to  implement  ®  0.2s 
calibration  and  control  schemes  to  facilitate  the  use  of  ^ 

magnetostrictive  devices  in  a  variety  of  applications  -1000  -soo  soo  1000 

and  can  be  used  for  optimization  of  device  pj  3  strain  versus  applied  field  major 
performance.  For  example,  infotmation  fern  Figures  j,  teresis  loop  corresponding  to  device 

2a  and  3  might  be  coupM  to  optimize  DC  magnetic  ^^hanical  loads  of  prestress:  3.5, 5.2,  6.9,  8.6 

bias  in  real  time  to  produce  specifi^  strains  under  10.4 MPa (0.5, 0.75, 1.0, 1.25 and  1.5ksi). 
varying  mechanical  loads.  Figure  2b  demonstrates  the 

ability  to  tune  a  system’s  resonant  frequency  in  real  time.  This  can  be  coupled  ^vith  information  on 
frequencies  that  minimize  losses.  Hysteresis  loop  data  from  Figure  4a  can  be  used  to  tailor  swept 
frequency  operation  for  the  most  efficient  electro-mechanical  performance.  Additionally,  this  suggests 
the  ability  to  target  operating  conditions  for  minimization  of  internal  heating  under  continuous  operation, 
which  is  of  particular  concern  for  ultrasonic  operation. 

Another  significant  loss  factor  that  is  associated  with  the  transduction  of  electric  to  magnetic  energy 
under  dynamic  operation  is  eddy  currents.  Eddy  current  power  losses  increase  with  approximately  the 
square  of  frequency  and  thus  have  a  significant  impact  on  the  operational  bandwidth  of  devices. 
Laminations  in  the  magnetostrictive  core  help  to  mitigate  the  effects  of  eddy  currents,  however,  materials 
such  as  Terfenol-D  are  brittle  and  costly  to  laminate.  Materials  such  as  insulated  magnetic  particles  or  the 
silicon  steels  in  common  use  in  motors  and  power  systems  are  suitable  for  the  magnetic  circuit 
components  that  make  up  the  transducer  housing,  as  they  simultaneously  support  flux  conduction  and 
offer  high  resistivities.  Magnetostrictive  composites  that  use  non-electrically  conducting  matrix  material 
yield  reductions  in  eddy  current  losses.  They  have  been  proposed  for  extending  device  output  bandwidth 
by  an  order  of  magnitude,  from  roughly  lOkHz  to  close  to  lOOkHz^.  Such  composites  offer  great  promise 
as  high  frequency  magnetostrictive  drivers. 


- 1.5  ksl 


Figure  3.  Strain  versus  applied  field  major 
hysteresis  loop  corresponding  to  device 
mechanical  loads  of  prestress:  3.5,  5.2,  6.9,  8.6 
and  10.4  MPa  (0.5, 0.75, 1.0,  1.25  and  1.5  ksi). 


ACTUATION  CONFIGURATIONS 


Nickel  was  used  in  many  of  the  early  magnetostrictive  sonar  devices  and  is  still  being  used  in 
commercially  available  ultrasonic  cleaners  available  from,  for  example.  Blue  Wave  Ultrasonics.  Other 
examples  of  magnetostrictive  material  use  in  commercial  applications  include  Terfenol-D  based  devices 
such  as  the  underwater  communication  systems  produced  by  Trigger  Scuba,  Inc.,  the  acoustic  pressure 
wave  source  (P-Wave)  produced  by  ETREMA  Products,  Inc.  for  enhancing  oil  well  production  rates,  and 
precision  micropositioners  produced  by  Energenic,  Inc. 

In  order  to  illustrate  the  needs  and  issues  of  different  transducer  applications,  we  classify 
magnetostrictive  transducers  in  three  broad  categories  as  follows:  (1)  High  power,  low  frequency 
applications.  These  applications  are  typically  associated  with  under- water  acoustic  generation  and 
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communications.  The  designs  discussed 
here  are  the  flextensional  transducer,  the 
I  piston-type,  and  the  square-ring.  (2) 

I  Motion/force  generation  applications.  In 

?  this  category,  we  include  transducers 

I  designed  to  do  work  against  external 

mechanical  loads.  The  motion  may  be 
linear,  such  as  in  the  inchworm  or 


Figure  4.  a)  Strain  per  magnetization  bode  plot  and  strain 
versus  magnetization  minor  loops  (±400  microstrain  vs. 
±10  kA/m).  b)  Strain  per  magnetization  bode  plot  and 
strain  versus  magnetization  minor  loops  (±100  kA/m  vs. 
±10kA/m).  c)  Magnetization  per  applied  field  Bode  plot 
and  magnetization  versus  applied  field  minor  loops  (±400 
microstrain  vs.  ±100  kA/m).  From  left  to  right,  hysteresis 
minor  loop  data  collected  at:  10,  100, 500,  800,  1000,  1250, 
1500  and  2000  Hz.” 


Kiesewetter  motors  or'  rotational.  (3) 
Ultrasonic  applications.  This  category 
involves  a  fairly  broad  range  of  actuators, 
whose  final  use  may  actually  vary  from 
surgical  applications  to  cleaning  devices 
and  use  in  high  speed  machining. 

Despite  the  differences  between  the 
three  categories,  there  is  intrinsic 
commonality  to  all  magnetostrictive 
actuators  based  upon  the  magneto¬ 
mechanical  nature  of  the  device.  It  is 
common  practice  to  subject  the  material  to 
magnetic  bias  and  mechanical  prestress.  A 
magnetic  bias  is  generally  supplied  with 
permanent  magnets  located  in  series  or 
parallel  with  the  drive  motor,  and/or  with 
DC  currents.  The  mechanical  bias  is 
typically  applied  by  structural  compression 
of  the  driver  with  springs  or  via  the 
transducer  structure  itself,  such  as  in 
flextensional  transducers. 

High  power,  low  frequency  applications 

Dynamic  strains  are  of  primary 
importance  in  low-frequency,  high-power 
transducers,  namely  those  for  sonar  and 
underwater  communications.  At  and  near 
mechanical  resonance,  strains  greater  than 
the  static  saturation  strain  can  be  obtained. 
Three  of  the  more  common  devices  for 
sonar  applications  are  the  flextensional,  the 
piston,  and  the  "ring"  types  of  actuators. 

Flextensional  transducers  radiate 
acoustic  energy  through  flexing  of  a  shell, 
usually  oval-shaped,  caused  by  the 
longitudinal  extension  and  contraction  of  a 
cylindrical  drive  motor  mounted  in 
compression  inside  the  shell.  These 
transducers  are  capable  of  producing  high 
power  at  fairly  low  frequencies.  Their 
history  dates  back  to  1929-1936,  when  the 


first  flextensional  device  for  use  as  a 
foghorn  was  first  built  and  patented  by  Hayes  at  the  NRL.  It  is  characteristic  of  flextensional  transducers 
to  have  two  types  of  radiating  modes:  a  low  frequency  flexing  mode  associated  with  bending  of  the  shell 
and  a  higher  frequency  breathing  mode,  in  which  the  whole  shell  expands  and  contracts  in  unison.  As  the 
name  implies,  the  desired  mode  of  vibration  is  a  flexural  one.  However,  the  breathing  mode  is 
acoustically  more  like  a  monopole,  thus  it  is  usually  of  higher  efficiency  and  improves  the  effective 
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system  magnetomechanical  coupling  factor.  This  higher  mode  has  a  strong  effect  on  the  parameters  used 
to  describe  the  flexural  modes  and  hence,  it  cannot  be  overlooked.  Moffett  et  a/.'®  report  on  a 
flextensional  Terfenol-D  powered  acoustic  projector  operated  at  a  depth  of  122  m  (400ft)  driven  to  a 
source  level  of  212  dB.  Design  considerations  include  performance  ne^s  and  often  competing  technical 
issues  related  to  magnetic  circuit  design,  variations  in  mechanical  load  and  prestress  with  changing 
submersion  depths,  the  effects  of  cavitation  at  shallow  depths,  and  stress-induced  fatigue  in  the  shell. 

The  Tonpilz  (Tonpilz  is  German  for  'sound  mushroom’)  transducer  is  a  common  piston-type  design. 
It  lacks  parts  likely  to  suffer  fatigue-induced  failure  due  to  bending,  which  is  one  of  the  advantages  of 
piston-type  designs  over  conventional  flextensional  transducers.  The  transducer  has  a  magnetostrictive 
rod  surrounded  by  a  drive  coil  that  provides  ac  and  dc  magnetic  field  excitation,  a  mechanism  for  pre¬ 
stressing  of  the  rod,  a  front  radiating  surface  (piston),  and  a  countermass.  Permanent  magnets  (Alnico  V, 
SmCo,  Neodemium  Boron,  etc.)  may  be  located  in  parallel  or  in  series  with  the  magnetostrictive  driver. 

The  ring  transducer  concept  was  first  developed  during  the  late  1920’s‘^.  The  interest  on  ring 
transducers  during  those  early  days  was  based  on  their  ruggedness  and  lower  cost  compared  to  other 
available  transducer  technologies.  A  typical  ring  transducer  might  consist  of  four  magnetostrictive  rods 
are  arranged  to  form  a  square  with  four  curved  pistons  that  are  the  radiating  surfaces  enclosing  the  square 
and  attached  to  the  comers  of  the  square.  Square  ring  transducers  are  capable  of  providing  either  omni- 
or  directional  sound  propagation  at  low  frequencies'^.  Monopole  operation  is  achieved  with  the  rods 
acting  in  unison.  Dipole  operation  is  accomplished  by  switching  the  magnetic  bias  on  two  of  the  rods  and 
maintaining  a  constant  direction  on  the  AC  magnetic  field  on  all  four  rods.  This  feature  translates  into  a 
transducer  having  two  effective  resonant  frequencies  and  Q  values,  one  for  each  mode  of  operation. 

Motion/force  generation  applications 

There  is  a  growing  interest  in  use  of  magnetostrictive  devices  as  a  source  for  motion  and/or  force, 
and  in  particular  for  use  in  conjunction  with  smart  structures  for  active  vibration  control.  These  linear 
motor  systems  fall  into  the  two  general  categories  of  piston  devices  and  inchworm  devices. 

The  basic  components  found  in  piston  devices  are  shown  in  Figure  5.  The  primary  distinction 
between  these  devices  and  the  sonar  piston-type  actuators  discussed  above  is  that  instead  of  acoustic 
radiation  into  water,  the  output  design  objective  is  mechanical  forces  over  a  bandwidth  of  DC  to  ==5  kHz. 
An  example  of  the  performance  that  can  realized  using  magnetostrictive  actuators  for  active  vibration 
control  is  presented  in  Figure  6  in  which  a  simple  analog  proportion  control  scheme  was  applied  to 
achieve  significant  vibration  control  (>33  dB  at  both  mode  1  and  2).  A  recent  commercial  device  that 
exhibits  high  acoustic  output  capabilities  and  the  ability  to  operate  under  down-hole  conditions  is  P-Wave 
(Etrema  Products  Inc.),  a  27  Watt  acoustic,  250-4(X)  Hz  acoustic  source  used  to  enhance  oil  production. 

There  are  several  variations  on  the  inchworm  motor  concepts  that  move  a  shaft  relative  to  the  motor 
housing,  and  they  all  generally  rely  on  two  separate  capabilities,  a  clamping  force  and  a  pushing  force. 
Motors  with  linear  shaft  output  rates  of  20  mm  /  sec  have  been  designed  that  can  develop  10(X)  N  of  force 

with  a  200  mm  stroke'^ 

Ultrasonic  applications 

Although  generic  ultrasonic 
devices  are  similar  to  their  low 
frequency  counterparts,  e.g.  they 
require  the  same  components 
described  in  Figure  5,  there  are  several 
problems  associated  with  operation  at 
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Figure  6.  Magnetostrictive  actuator  performance  for  active  vibration  control  of  the  transient  responses  of  a 
40”  X  2”  X  1”  0.125”-thick  aluminum  ‘C’  channel  beam  to  impact  excitation'*. 
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frequencies  of  greater  that  20kHz.  Hysteresis  losses  within  a  magnetostrictive  driver  will  introduce  high 
internal  heat  dissipation.  Eddy  currents  will  introduce  both  heat  and  a  skin  effect  that  effectively  shields 
the  core  of  the  driver  from  an  applied  magnetic  field.  Impedance  mismatches  at  ultrasonic  frequencies 
make  transfer  of  energy  from  the  driver  to  the  surrounding  medium  difficult**.  The  use  of  laminated 
and/or  composite  ma^etostrictive  materials  reduces  losses  associated  with  eddy  currents.  The  use  of 
amplifying  horns  having  application  specific  profiles,  in  conjunction  with  quarter  wave  and  half  wave 
resonant  device  operation,  enhance  energy  output. 

SENSING  CONFIGURATIONS 

Magnetostrictive  sensors  can  be  classified  as  passive  sensors,  active  sensors,  and  combined  or  hybrid 
sensors,  based  on  how  the  magnetomechanical  properties  of  the  system  components  are  used  to  measure 
the  parameters  of  interest. 

Passive  sensors  rely  on  magnetomechanical  coupling  to  link  a  measurable  change  in  the 
magnetostrictive  material  to  the  external  property  or  condition  of  interest.  For  example,  according  to  the 
Villari  eff^t,  the  change  in  the  magnetization  of  the  magnetostrictive  sample  is  correlated  to  an 
externally  imposed  change  in  stress.  A  coil  flux-linked  to  the  magnetostrictive  sample  can  be  used  to 
measure  changes  in  magnetic  flux  as  per  equation  5.  Quantities  such  as  external  load,  force,  pressure, 
vibration,  and  flow  rates  can  then  be  measured. 

Active  sensors  use  an  internal  excitation  of  the  magnetostrictive  element  to  facilitate  some 
measurement  of  the  magnetostrictive  element  that  changes  with  the  external  property  of  interest.  For 
example,  an  excitation  coil  could  be  used  to  excite  the  magnetostrictive  sample  with  a  known  H  as  per 
equation  4  and  the  detection  coil  used  to  measure  B  as  per  equation  5.  The  permeability  from  equation  3 
can  then  be  monitored  for  changes  due  to  an  external  condition.  Designs  which  employ  two  coils,  one  to 
excite  the  magnetostrictive  element  and  one  for  measurement,  are  known  as  transformer  type  sensors. 
The  most  common  active  sensor  design  mentioned  in  literature  is  the  noncontact  torque  sensor.  Many 
configurations  employ  variations  on  a  general  theme  of  a  magnetostrictive  wire,  thin  film,  or  ribbon  flux- 
hnked  to  a  target  shaft  subject  to  a  torque.  The  change  in  the  magnetic  induction  or  permeability  can  then 
be  related  to  the  torque  on  the  specimen. 

Finally,  combined  or  hybrid  sensors  use  a  magnetostrictive  element  to  actively  excite  or  change 
pother  material  to  allow  measurement  of  the  property  of  interest.  For  example  a  fiber  optic  magnetic 
field  sensor  uses  the  change  in  length  of  a  magnetostrictive  element  in  the  presence  of  a  magnetic  field 
{Joule  effect)  to  change  the  optical  path  length  of  a  fiber  optic  sensor.  There  are  numerous  examples  of 
combined  sensors,  including  those  that  measure  current,  shock  (percussion),  stress,  frost,  proximity  and 
touch.  Stress  can  be  measured  using  photoelastic  material,  and  highly  accurate  displacement 
measurements  can  be  made  with  the  help  of  a  magnetostrictive  guide.  Fiber  optics  and  diode  lasers  have 
been  used  with  magnetostrictive  elements  to  measure  magnetic  flux  density  (magnetometers). 

Early  work  with  magnetostrictives  such  as  nickel,  iron,  and  permalloy  identified  many  sensing 
applications.  Some  of  the  earliest  uses  of  magnetostrictive  materials  from  the  19th  century  and  first  half 
of  the  20  century  include  telephone  receiver®,  hydrophones,  and  scanning  sonar' which  were  developed 
with  Nickel  and  other  magnetostrictive  materials  that  exhibit  bulk  saturation  strains  of  up  to  100x10  ®.  In 
fact,  one  of  the  first  telephonic  receivers,  tested  by  Philipp  Reis  in  the  1860s,  was  based  on 
magnetostriction  .  In  1888,  Ewing  reported  force  measurements  using  a  magnetostrictive  device  of  iron 
and  nickel,  the  first  magnetostrictive  force  sensor'®.  In  addition  to  giant  magnetostrictive  materials  such 
as  Terfenol-D,  magnetostrictive  amorphous  wire  and  thin  films  find  a  variety  of  sensing  applications. 
Examples  of  successful  sensor  designs  include  hearing  aids,  load  cells,  accelerometers,  proximity  sensors, 
torque  sensors,  magnetometers  and  many  more®’^®’'^  Numerous  patents  for  sensors  based  on 
magnetoelastic  properties  have  been  issued  over  the  last  decade®’^®. 

The  emphasis  of  this  overview  is  on  applications,  therefore  the  magnetostrictive  sensors  are  grouped 
together  based  on  the  following  measured  property  or  quantity:  torque,  motion,  force,  magnetic  field,  and 
material  characterization.  Due  to  the  large  number  of  magnetostrictive  sensor  related  patents  and 
published  papers,  an  effort  was  made  to  highlight  commercially  available  sensors,  followed  by  those  with 
experimental  verification.  Note  that  some  sensor  designs  can  be  used  to  measure  several  quantities,  such 
as  the  magnetostrictive  delay  line,  which  can  be  configured  to  measure  force  or  displacement. 
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Torque  Sensors 

Torque  measurements  have  great  benefit  for  many  applications  in  a  variety  of  industries,  ranging 
from  passenger  cars,  tractors,  truck  and  off  highway  vehicle  powertrains,  manufacturing  machinery,  and 
stationary  power  plants.  One  example  is  the  torque  feedback  closed  loop  control  of  automotive  engines 
and  transmissions.  Three  torque  sensor  configurations  are  described:  a  non-contact  sensor,  a  thin  film  or 
a  wire  application,  and  a  shaft  sensor. 

Non-contact  torque  sensor.  The  non-contact  torque  sensor  is  one  of  the  most  common  torque  sensor 
configurations.  Some  of  the  advantages  of  non-contact  magnetostrictive  torque  sensors  include  minimal 
target,  rapid  response,  good  stability  and  accuracy  in  conjunction  with  high  sensitivity,  and  capacity  to 
withstand  overloads.  Non-contact  torque  sensors  are  advantageous  because  implementation  is  simple  and 
fast.  These  torque  sensors  are  traditionally  based  on  the  Villari  effect,  where  a  torque  induced  change  in 
stress  in  the  target  causes  a  change  in  the  magnetization  of  a  magnetostrictive  element  in  the  sensor-target 
system.  This  change  in  magnetization  can  be  measured  directly  (passive),  or  as  a  change  in  permeability 
measured  under  an  active  excitation.  Fleming  gives  a  thorough  overview  of  torque  sensor  technology, 
focusing  on  non-contact  magnetostrictive  torque 
sensors". 

The  basic  principle  of  the  sensor  configuration 
relies  on  that  as  a  shaft  is  torqued,  stress  develops 
at  ±  45°  from  the  shaft  axis.  For  the  example 
shown  in  Figure  7,  a  ‘C’  shaped  ferromagnetic  core 
with  both  an  excitation  and  a  detection  coil  is 
oriented  to  the  45°  axis.  The  change  in  stress  in  the 
ferromagnetic  shaft  causes  a  change  in  permeability 
of  a  ferromagnetic  element  flux  linked  to  the  shaft. 

Two  variables  in  the  sensor  system  are  the  air  gap 
between  the  shaft  target  and  the  sensor  core  and 
current  into  the  excitation  coil.  Various 
configurations  based  on  these  principles  include 
versions  with  multiple  C  sections  surrounding  the 
shaft  to  maximize  sensitivity  and  minimize  errors 
introduced  through  out-of-round  shaft  rotation^. 

An  alternative  design  relies  on  direct  transfer  of  the 
torque  to  a  magnetostrictive  sleeve  and  detection  of  the  magnetostrictive  response  induced  by  the 
torque^”. 

Fleming^^  and  Garshelis^  have  both  investigated  several  issues  with  these  sensors,  including  non- 
linearities  due  to  sensor  element  properties,  the  effects  of  magnetic  saturation,  temperature,  excitation 
frequency  and  design  of  passive  sensors  in  which  a  Hall  probe  can  be  used  to  monitor  torque  induced 
changes  in  the  magnetoelastic  sensor  material. 

Thin  film  and  wire  applied  to  shaft.  Other  torque  sensors  apply  the  magnetostrictive  material 
directly  to  the  target.  This  idea  was  developed  by  Yamasaki,  Mohri  and  collaborators  using  wire 
explosion  spraying  technique  to  adhere  thin  layers  of  Ni,  Fe-Ni,  and  Fe-Co-Ni  to  shafts^'*.  In  this  method 
the  conductive  wire  is  exploded  into  fine  particles  at  high  temperature  which  adhere  strongly  to  the  shaft. 
The  wire  explosion  technique  results  in  a  strong  adhesion,  which  provides  increased  sensor  reliability. 
When  the  shaft  is  twisted  the  stress  causes  a  change  in  magnetization-applied  magnetic  field  hysteresis 
loop.  When  two  such  regions  of  magnetostrictive  material  are  surrounded  by  coils  connected  in  a  bridge 
circuit,  a  change  in  voltage  due  to  a  change  in  the  torque  can  be  detected^.  A  linear,  nonhysteretic 
relationship  between  the  bridge  circuit  output  voltage  and  the  torque  was  obtained.  Ni  and  Fe42-Ni58 
provided  the  greatest  sensitivity. 

A  second  system  using  a  300  p.m  thick  Ni  layer  applied  by  plasma  jet  spraying  was  investigated  by 
Sasada  et  al}^.  The  instantaneous  torque  on  a  rotating  shaft  was  related  to  the  measured  permeability 
using  a  pair  of  U-shaped  magnetic  heads  positioned  at  ±  45°  from  the  shaft  axis.  The  sensitivity  of  the  air 
gap  between  the  shaft  and  the  magnetic  heads  was  examined  and  a  self-compensating  method  presented. 
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Figure  7:  Non-contact  torque  sensor  with  excitation 
and  detection  coils  around  the  legs  of  a  C  shaped 
ferromagnetic  core^\ 
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A  relatively  linear  sensitivity  of  500  V/Nm  with  little  hysteresis  was  measured.  In  addition,  the  output 
response  of  the  sensor  was  found  to  be  nearly  independent  of  the  rotational  frequency.  Savage  et  al. 
obtained  a  U.S.  patent  for  a  magnetostrictive  torque  sensor  using  a  magnetostrictive  wire  helically 
wrapped  around  and  connected  to  a  shaft^^  Similar  to  the  thin  film  configurations,  the  permeability, 
which  changed  with  stress  on  the  wire  induced  by  the  shaft,  was  monitored. 

Sensor  shaft.  Sensor  shaft  applications  take  advantage  of  the  magnetostrictive  effects  of  the  target 
material  itself.  In  die  first  example,  the  in-process  detection  of  the  working  torque  on  a  drill  bit  is  related 
to  its  permeability^.  An  excitation  coil  surrounds  part  of  the  drill  including  the  shank  and  the  flutes,  as  in 
Figure  8.  Two  sensing  coils,  one  positioned  over  the  flutes  and  one  over  the  shank,  are  connected  in 
series  opposition  allowing  the  measurement  of  the  permeability.  The  permeability  of  the  shank  is  less 
sensitive  to  changes  in  torque  than  the  flutes  and  the  difference  in  the  output  voltages  of  the  two  coils 
changes  proportionally  to  the  applied  torque.  In  the 
second  example,  the  sensor  shaft  is  made  of  Cr-Mo 
steel,  which  is  suitable  for  automobile  transmission 
applications.  Two  grooved  sections  are  surrounded 
by  coils,  which  are  configured  in  an  ac  bridge  circuit. 

When  torque  is  applied  to  the  shaft,  the  Villari  effect 
results  in  a  change  in  impedance  measured  by  the 
bridge.  According  to  Shimada  et  al.  the  sensor  is 
robust  with  respect  to  temperature^’. 

Motion  and  p<»ition  sensors 

High  volume  applications  in  the  automotive  industry  and  elsewhere  rely  increasingly  on  motion  and 
position  sensors,  such  as  those  to  measure  acceleration,  velocity,  displacement  and  strain.  Velocity  can  be 
measured  by  a  ma^etostrictive  transducer;  position  can  be  measured  by  a  magnetostrictive  wave  guide 
and  a  magnetostrictive  delay  line;  and  strain  can  be  measured  by  a  magnetostrictive  strain  gage  and  a  non- 
contact  sensor. 

Magnetostrictive  transducer.  The  existence  of  the  Joule  and  Villari  effects  allows  a  magnetostrictive 
transducer  to  have  two  modes  of  operation,  transferring  magnetic  energy  to  mechanical  energy  (actuation) 
and  transferring  mechanical  energy  to  magnetic  energy  (sensing).  In  addition,  a  magnetostrictive 
transducer  has  the  ability  to  both  actuate  and  sense  simultaneously.  Applications  such  as  the  telephone, 
scanning  sonar,  and  others  make  use  of  this  dual  mode.  For  example  a  Terfenol-D  sonar  transducer  can 
be  used  as  either  a  transmitter  or  receiver  or  both  at  the  same  time.  Another  potential  use  of  dual  mode 
operation  is  in  active  vibration  and  acoustic  control.  One  transducer  can  be  used  to  simultaneously  sense 
deleterious  structural  vibrations  and  provide  the  actuation  force  to  suppress  them.  Self-sensing  control 
uses  the  sensed  signal  in  a  feedback  loop  to  drive  the  transducer.  This  is  accomplished  by  separating  the 
voltage  induced  in  the  excitation  winding  via  the  Faraday-Lenz  law  from  the  excitation  voltage. 
Numerous  papers  have  described  this  effect  and  shown  its  utility^®"^^. 

Fenn  and  Gerver  have  developed,  modeled,  and  tested  a  velocity  sensor  based  on  a  permanent 
magnet  biased  Terfenol-D  actuator”.  The  transducer  is  connected  to  a  moving  target  that  strains  the 
Terfenol-D  core.  The  change  in  B  is  related  to  the  change  in  strain  of  the  Terfenol-D  core  by  equations  1 
and  2.  As  explained  by  the  Faraday-Lenz  law  (Eqn.  5),  a  voltage  proportional  to  the  time  rate  of  change 
of  B  in  the  Terfenol-D  core  is  induced  in  the  surrounding  detection  coil.  Thus  the  output  voltage  from  the 
transducer  is  a  signal  proportiorial  to  the  velocity  of  the  connected  target.  Peak  sensitivities  of  183 
V/(m/s)  were  seen  when  the  coil  was  left  open.  In  addition,  the  coil  could  be  shunted  to  provide  passive 
damping  capability  and  the  voltage  proportional  to  the  target  velocity  monitored  across  the  shunt  resistor. 

Non-contact  strain  sensor.  Non-contact  strain  sensors  use  the  magnetic  field  to  couple  the  straining 
target  to  the  sensing  element.  A  non-contact  system  has  several  advantages^.  First,  it  is  a  noninvasive 
technique,  which  does  not  require  mechanical  bonding  to  the  target.  This  can  be  a  significant  advantage, 
in  particular  for  rotating  targets.  Second,  the  sensor  can  be  moved  to  measure  strain  at  different  points 
easily  ^d  quickly,  providing  strain  mapping  capability.  Finally,  this  sensor  is  rugged,  with  good 
sensitivity  and  overload  capacity. 

This  sensor  configuration  is  similar  to  the  non-contact  torque  sensor  shown  in  Figure  7,  however  it 
measures  the  target  strain  in  any  direction  of  interest.  The  C  shaped  ferromagnetic  sensor  core  is  wound 


Figure  8.  Non-contact  measurement  of  torque  on 
drill  employing  an  excitation  coil  and  two  sensing' 
coils;  one  over  the  shank  and  one  over  the  flutes^®. 
©IEEE  1994. 
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with  an  excitation  and  detection  coil.  The  excitation  voltage  causes  a  known  magnetic  field  in  the 
magnetic  circuit  consisting  of  the  C  shaped  sensor  and  target.  Note  that  the  flux  path  crosses  the  air  gap 
between  the  sensor  and  target.  Due  to  the  Villari  effect,  as  the  target  strains,  the  change  in  stress  will 
cause  a  change  in  its  magnetic  state,  altering  the  magnetic  circuit  permeability.  This  will  be  seen  as  a 
change  in  the  voltage  in  the  detection  coil.  In  general,  the  sensor  will  detect  changes  in  strain  of  targets 
made  of  ferromagnetic  material,  however,  strains  in  nonferromagnetic  material  can  detected  by  applying  a 
ferromagnetic  material  to  their  surface. 

Maenetostrictive  wave  guide  position  sensor.  An  extremely  versatile  position  sensor  is  based  on  a 
magnetostrictive  wave  guide.  The  system  detects  the  position  of  a  permanent  magnet  connected  to  the 
target,  which  is  free  to  move  along  the  length  of  a  magnetostrictive  wave  guide.  The  emitter,  shown  in 
Figure  9,  continuously  pulses  a  current  through  the  wave  guide,  producing  a  circumferential  magnetic 
field.  This  combined  with  the  longitudinal  magnetic  field  produced  by  the  permanent  magnet  results  in  a 
helical  magnetic  field.  As  described  by  the  Wiedemann  effect,  a  torsional  strain  pulse  is  induced  in  the 
wave  guide;  the  triggered  torsional  acoustic  wave  travels  at  the  speed  of  sound  in  both  direction  away 
from  the  permanent  magnet  along  the  wave  guide.  One  end  is  fitted  with  a  receiver,  while  the  other  end  is 
connects  to  a  damper.  The  damper  attenuates  the  acoustic  wave  so  it  will  not  reflect  back  corrupting  the 
signal  at  the  receiver.  The  receiver  measures  the  time  lapse  between  the  current  pulse  and  the  acoustic 
wave,  a  quantity  which  is  related  to  the  distance  between  the  receiver  and  the  permanent  magnetic/target. 

The  acoustic  wave  can  be  measured  by  the  change  in  permeability  resulting  from  the  strain  pulse  in  the 
wave  guide.  In  Figure  9,  the  receiver,  or  pick  up  element,  is  shown  as  a  magnetostrictive  ribbon  welded 
to  the  wave  guide  which  converts  the  torsional  pulse  to  a  longitudinal  elastic  pulse.  The  permeability  of 
the  ribbon,  which  changes  due  to  the  elastic  pulse,  is  monitored  (via  the  Faraday-Lenz  Law)  with  a  coil 
wrapped  around  the  ribbon. 

Several  versions  of  this  sensor  are  available  commercially  and  discussed  in  literature.  Nyce 
describes  the  operation  of  MTS  model  LP  in  detaiP^.  Current  pulses  with  frequencies  between  10  Hz  and 
10  kHz  provide  the  excitation.  The  sensor 
performance  is  considered  as  a  function  of  the 
magnetostrictive  wave  guide  material  and 
geometry.  High  magnetostriction,  low 

attenuation,  and  good  temperature  stability  are 
desired.  Lucas  Control  System  Products  (U.K, 
and  U.S.)  has  developed  the  MagneRule  Plus"*^,  a 
compact  position  sensor  for  measurements  up  to 
120”  with  high  linearity  and  repeatability.  In 
addition  it  can  measure  fluid  level  by  connecting 
the  permanent  magnet  to  a  float  device  placed  in 
the  fluid.  Finally,  Equipiel  (France)  has 

developed  the  Captosonic  position  sensor  which 
is  capable  of  measuring  distances  up  to  50  meters  Figure  9.  Magnetostrictive  wave  guide  position  sensor^^ 
with  ±lmm  accuracy^^. 

Magnetoelastic  strain  gape.  Using  the  fact  that  the  permeability  of  many  magnetostrictive  materials 
is  stress  sensitive,  a  strain  gage  made  from  strips  of  Metglas  2605SC  has  been  developed  by  Wun-Fogle 
and  associates^’.  The  permeability  of  the  ribbons  decreased  in  tension  and  increased  in  compression.  The 
ribbons  were  prepared  by  annealing  in  a  transverse  2.6  kOe  magnetic  field  at  390°  C  for  10  minutes,  then 
rapidly  cooled  in  saturation  magnetic  field.  In  order  to  maintain  the  high  sensitivity,  the  ribbons  were 
strongly  bonded  to  the  target  in  an  initially  stress-free  condition.  A  highly  viscous  liquid  bond  was  found 
to  adequately  attach  the  ribbons  to  the  target,  although  it  did  result  in  a  loss  of  DC  response.  For 
experimental  verification,  two  ribbons  were  placed  on  the  top  and  bottom  of  a  beam  and  siurounded  by 
two  coils  connected  in  opposition.  The  ribbons  were  excited  by  a  IkHz  external  magnetic  field.  The  net 
voltage  in  the  coil  system  was  related  to  the  permeability  change  and  hence  strain  of  the  ribbons.  The 
strain  measurement  system  compares  favorably  with  conventional  strain  gages,  with  resolution  down  to 
10  ’ at  0.05  Hz. 

Magnetostrictive  delay  line.  An  innovative  use  of  a  magnetostrictive  delay  line  can  be  used  to 
measure  displacement.  An  acoustic  pulse  is  propagated  through  the  magnetostrictive  delay  line  and 
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detected  by  a  receiving  unit.  A  current  pulse 
through  a  conductor  (PCC)  orthogonal  to  the 
magnetostrictive  delay  line  (MDL)  generates  a 
pulsed  magnetic  field  in  the  MDL  which 
generates  an  elastic  wave,  see  Figure  10.  An 
active  core  (AC)  of  soft  magnetic  material, 
placed  near  the  PCC,  is  connected  to  the  target 
and  free  to  move  relative  to  the  MDL.  The 
magnetic  pulse  and  hence  elastic  wave 
generated  in  the  MDL  is  sensitive  to  the 
magnetic  coupling  between  the  AC  and  MDL. 
As  the  target  and  AC  move  away  from  the 
MDL,  the  magnetic  coupling  between  the  PCC 
and  MDL  increases  so  the  magnetic  pulse  and 
elastic  wave  in  the  MDL  increases  in  strength. 


Figure  10.  Magnetostrictive  delay  line,  MDL,  position 
sensor,  with  active  core  (AC)  connected  to  target, 
pulsed  current  conductor,  (PCC)  receiving  coil  (RC) 
and  acoustic  stress  point  of  origin  (PO)^^. 


The  output  to  the  sensor  is  the  pulse  generated  in  the 
receiving  unit  coil  (RC)  as  described  by  Faraday-Lenz  Law.  The  output  voltage  induced  in  the  RC  is 
sensitive  to  the  gap  distance  between  the  MDL  and  AC,  for  MDL-AC  displacement  less  than  2  mm. 
Most  importantly  the  output  is  fairly  linear  and  anhysteretic  to  the  MDL-AC  displacement.  Sensitivities 
of  10  pV/pm  have  been  reported  using  24  pm  thick  Metglas  2605SC  amorphous  ribbon  as  the  MDL'*. 
Permanent  magnets  were  also  used  to  maximize  the  generation  of  the  acoustic  pulse  and  the  measured 
voltage  in  the  RC.  Multiple  AC-PCC  elements  can  be  used  with  one  MDL  to  form  an  integrated  array. 
This  novel  aspect  of  the  sensor  system  and  several  AC-PCC-MDL  configurations  are  discussed  by 
Hristoforou  and  Reilly  .  Applications  for  this  sensor  include  tactile  arrays,  digitizers,  and  structural 
deformations. 


Force  and  stress  sensors. 

Force  and  stress  sensors  are  found  in  a  broad  range  of  applications  including  vehicle  active 
suspensions  and  engine  mounts,  active  vibration  control,  manufacturing  control,  monitoring  overloads  on 
bridges,  and  active  control  of  buildings  against  seismic  events.  The  change  in  permeability  (or  magnetic 
flux)  in  a  magnetic  circuit  due  to  strain  in  an  element  of  the  circuit  can  be  used  to  measure  both  torque  as 
described  previously  and  force.  A  combined  Torque-Force  sensor  has  also  been  developed^^  The 
magnetostrictive  force  sensor,  magnetostrictive  delay  line,  and  amorphous  ribbon  force  sensor  are 
described  below. 

Maffletostrictive  delay  line.  The  magnetostrictive  delay  line  (MDL)  displacement  sensor 
configuration  has  been  modified  to  produce  a  force  distribution  sensor'^  '^’.  A  force  applied  directly  to  the 
MDL  will  distort  the  acoustic  signal  generated  by  the  emitter  as  described  previously.  The  change  in  the 
acoustic  wave  measured  by  a  receiver  coil  is  related  to  the  force  applied  to  the  delay  line.  An 
experimental  device  tested  by  Hristoforou  and  Reilly  used  a  Metglas  2605SC  FeSiBC  amorphous  ribbon 
as  the  delay  line  embedded  in  a  fiber  glass  channel.  The  channel  bends  under  an  applied  force  stressing 
the  MDL,  while  ensuring  that  the  pulsed  current  conductor  (PCC),  oriented  perpendicular  to  the  MDL 
ribbon  on  the  bottom  of  the  channel,  does  not  move  relative  to  the  MDL.  For  a  given  current,  the  voltage 
detected  by  the  receiver  coil  due  to  a  force  F  is  proportional  to  the  with  calibration  constant  c. 
Integrated  arrays  for  measuring  force  can  be  constructed  with  multiple  MDL  (each  with  a  receiver)  and 
PCC  oriented  perpendicularly.  The  values  of  multiple  forces  on  the  two  dimensional  array  can  be  backed 
out  from  the  voltages  measured  by  the  receivers. 

Magnetostrictive  Force  Sensor.  Kleinke  and  Uras  describe  a  force  sensor  which  employs  the 
change  in  electrical  impedance  of  a  magnetic  circuit  with  stress  to  measure  stress  or  force‘‘^  It  is  similar 
in  construction  to  the  noncontact  magnetostrictive  strain  sensor  shown  in  Figure  7.  However,  rather  than 
the  C  shape,  two  magnetostrictive  core  spring  elements  are  held  in  place  by  rigid  end  pieces.  A  coil 
surrounds  each  core,  one  of  which  is  used  for  excitation  and  the  other  for  sensing.  A  constant  amplitude 
ac  current  is  impressed  in  the  excitation  coil  generating  an  oscillating  magnetic  field.  This  results  in  a 
voltage  in  the  detection  coil  with  a  magnitude  proportional  to  the  time  rate  of  change  of  flux  in  the  core 
elements  (Faraday-  Lenz  law).  An  applied  force  on  the  sensor  will  cause  a  strain  change  in  the 
magnetostrictive  cores  resulting  in  a  change  in  the  core  magnetization.  In  this  mode,  where  the  applied 
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magnetic  field  (ff)  is  kept  constant,  a  change  in  the  output  voltage  from  the  detection  coil  is  linearly 
related  to  the  change  in  force.  In  a  constant  flux  operation  mode,  the  excitation  current  is  allowed  to  vary 
in  order  to  maintain  the  detection,  coil  output  voltage.  In  this  case  the  change  in  excitation  current  is 
related  to  the  change  in  force.  Compared  with  conventional  force  transducers,  such  as  those  which 
employ  strain  gages,  this  force  sensor  is  simpler,  more  ragged,  and  relatively  inexpensive.  In  addition, 
the  electronic  requirements  are  simpler. 

Amorphous  ribbon  sensor.  A  tensile  force  or  stress  sensor  based  on  the  strong  Villari  effect  of 
amorphous  ribbons,  such  as  Ni,  Fe,  and  Co  based  alloys,  has  been  described  by  Seekircher  and 
Hoffman'^^  A  transmitting  coil  excites  the  ribbon  while  a  pair  of  detection  coils  measures  the  maximum 
induction  which  is  dependent  on  the  stress.  The  maximum  magnetic  induction  in  the  ribbon  decreases  as 
the  load  is  applied.  Loads  below  4  N  were  measured  with  Co  alloy  ribbon  of  25  jim  thick  by  3  mm  wide 
with  negligible  hysteresis'*^  The  high  Young’s  modulus  of  the  ribbons  results  in  very  stiff,  low 
displacement  sensors,  which  can  be  load  bearing  elements.  In  some  cases  temperature  compensation  is 
required,  A  similar  highly  sensitive  shock-stress  sensor  employing  iron-rich  amorphous  ribbons  is 
described  in  detail  by  Mohri  and  Takeuchi'*^. 

Material  characterization  sensors 

The  two  magnetostrictive  configurations 
discussed  below  use  the  active  excitation  of  a 
magnetostrictive  element  to  allow  material 
characterization  of  the  target. 

Magnetostrictive  sensor.  This  non-contact 
magnetostrictive  sensor  uses  the 
magnetostrictive  properties  of  the  target 
material  to  excite  elastic  waves  which  can  be 
measured  and  monitored  to  characterize  the 
target'**"*^  The  system  can  be  used  directly  on  a 
target  made  of  ferromagnetic  material  or  by 
attaching  a  magnetostrictive  material  to  a 
nonferromagnetic  specimen.  The 

magnetostrictive  sensor  has  the  advantage  of  being  less  intrusive  and  more  simply  implemented  than 
traditional  inspection  methods.  The  sensor,  shown  in  Figure  11,  consists  of  a  transmitting  coil  (pulse 
generator,  power  amplifier,  and  bias  magnet)  surrounding  the  object,  which  generates  the  mechanical 
wave  via  magnetostrictive  excitation.  A  receiving  coil  (signal  preamplifier,  data  acquisition  hardware, 
and  permanent  magnet),  located  at  a  distance  from  the  excitation  coil,  measures  a  signal  due  to 
magnetostrictive  waves.  Changes  in  the.  material  geometry  will  generate  signals.  These  signals  can  be 
used  to  characterize  the  material  and  identify  the  onset  of  corrosion  or  measure  internal  stresses.  Defects 
such  as  pitting,  wall  thinning,  and  cracks  can  be  detected.  Experimentation  has  shown  that  the  wave 
attenuation  increases  with  the  degree  of  corrosion.  This  method  has  been  used  successfully  to  identify 
corrosion  in  strands,  reinforced  bars  (including  those  imbedded  in  cement),  water  pipes,  and  other  system 
where  noninvasive  monitoring  techniques  are  preferred. 

Magnetostrictive  fiber  optic  sensor.  An  in  situ  fiber  optic  sensor  coupled  to  a  magnetostrictive 
element  has  been  used  for  composite  resin  characterization'^.  Thermoset  polymer  matrix  composite  cures 
can  be  monitored  to  allow  adaptive  control  of  the  cure  process,  thus  optimizing  mechanical  properties  and 
reducing  costs.  The  fiber  optic  sensor  is  coated  with  a  magnetostrictive  material,  such  as  Metglas,  and 
embedded  in  the  composite  resin.  The  magnetostrictive  material  is  excited  during  the  cure  and  the  loss 
tangent,  the  ratio  of  the  dissipated  viscous  energy  to  the  stored  mechanical  energy,  is  measured.  The  loss 
tangent  decreases  to  a  minimum  following  solidification  at  which  time  the  fiber  optic  sensor  can  be  used 
for  in-service  health  monitoring.  This  method  of  monitoring  the  cure  process,  known  as  Dynamic 
Mechanic  Analysis  (DMA),  is  insensitive  to  the  fiber  optic  sensor  output. 

Magnetic  field  sensors 

There  are  numerous  designs  for  magnetic  field  sensors,  including  many  which  rely  on 
magnetostrictive  properties  of  component  materials.  These  sensors  vary  considerably,  in  part  because 
they  are  designed  to  detect  magnetic  fields  of  different  strengths  and  frequencies'*^.  The  most  common 
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Figure  1 1 ,  Magnetostrictive  sensor  for  characterizing 
corrosion  and  monitoring  ferromagnetic  materials 
such  as  pipes  and  strands'*^. 
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configuration  uses  a  magnetostrictive  film  coating  an  optic  fiber.  Other  magnetic  field  sensors  based  on 
monolithic  Terfenol-D  samples  are  also  described.  Magnetostrictive  amorphous  metals,  often  in  the  form 
of  ribbons,  are  extremely  sensitive  to  external  magnetic  fields  and  have  been  used  as  the  active  element  of 
a  magnetomete^  .  Finally,  a  magnetic  field  sensor  has  been  developed  based  on  magnetostrictive  delay 
line  technology^. 

Terfenol-D  magnetometer.  The  first  magnetometer  design,  developed  by  Chung  et  al.,  employs  a 
Terfenol-D  sample  to  convert  a  magnetic  field  into  a  measurable  quantity®®’^^  A  Terfenol-D  rod  strains 
in  the  presence  of  an  ac  magnetic  field.  This  displacement  can  be  measured  accurately  with  a  laser 
interferometer  calibrated  to  output  a  signal  related  to  the  magnetic  field.  A  dc  magnetic  bias  on  the 
Terfenol-D  sample  is  used  to  optimize  the  output  strain  with  magnetic  field,  resulting  in  values  of  up  to 
10  p£/Gauss.  In  addition,  the  sensitivity  was  found  to  be  a  function  of  the  mechanical  prestress. 

Magnetostrictive  fiber  optic  sensor.  Numerous  fiber  optic  magnetic  field  sensors  have  been 
developed.  In  1979  Y^v  and  Winsor  proposed  a  now  common  configuration  which  uses  a 
magnetostrictive  film  coating  an  optic  fiber*^  The  magnetic  field  causes  the  magnetostrictive  film  to 
deform,  straining  the  optic  fiber.  This  causes  a  change  in  the  length  of  the  optical  path  of  laser.  An 
interferometer  is  used  to  measure  the  phase  changes.  Mermelstein  has  shown  that  the  resolution  limit  at 
DC  to  low  frequency  (less  than  1  Hz)  of  such  a  sensor  is  approximately  3x10“"  Oe"". 

Miscellaneous  other  devices 

Magnetostrictive  sensors  have  been  used  to  measure  or  monitor  a  number  of  other  properties  and 
char^teristics.  Some  examples  found  in  literature  include  hearing  aid,  magnetoelastic  delay  line 
digitizer  ,  magnetoacoustic  keyboard^®,  thermometer^^  biomedical  monitoring  such  as  lung  ventilation^ 
and  spine  movement  ',  and  magnetic  tagging  for  health  monitoring  of  composites'^^. 

CONCLUDING  REMARKS 

Advances  in  magnetostrictive  material  technologies  continue  to  create  new  opportunities  for 
transducer  design  and  application  engineers.  The  strains  and  forces  achievable  with  the  newer  giant 
magnetostrictive  materials  and  transducers,  their  high  coupling  coefficients  and  high  energy  densities 
have  justified  their  use  in  an  ever-increasing  number  of  sensor  and  actuator  applications.  As  evidenced 
by  the  resurgence  on  patented  magnetostrictive  devices,  particularly  related  to  sensor  applications, 
designers  continue  to  find  new  opportunities  for  advancing  transduction  capabilities  by  incorporating 
magnetostrictive  elements  in  their  sensor  and  actuator  systems.  For  related  overview  articles,  the  reader 
is  referred  to  references  6,  15,  20,  and  63. 
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ABSTRACT 

A  magnetostrictive  peristaltic  motor,  similar  to  an  Inchworm®  motor,  was  designed,  built, 
and  tested,  using  Terfenol-D®  as  the  active  element.  Unlike  the  Kiesewetter  motor,  which  uses  a 
rod  of  Terfenol-D  in  a  closely  fitting  cylindrical  channel,  in  our  design  the  Terfenol-D  is  in  the 
form  of  a  flat  slab,  held  between  two  spring-loaded  plates.  With  this  configuration  the  motor  is 
not  affected  by  wear  of  the  Terfenol-D  surface.  In  order  to  avoid  eddy  currents,  we  used 
laminated  Terfenol-D.  Operating  at  1600  Hz  with  a  peak  field  of  430  oersteds,  the  speed  at  no 
load  was  observed  to  be  12  mm/sec,  which  is  65%  of  the  theoretical  value  (the  peak  strain  times 
the  peristaltic  phase  velocity),  probably  because  the  surface  flatness  of  the  Terfenol-D  slab  was 
only  a  few  times  smaller  than  the  height  of  the  peristaltic  bumps.  The  measured  stalling  force 
was  90  newtons,  corresponding  to  350  kPa  load  stress  in  the  Terfenol-D,  only  3.5%  of  the  peak 
strain  times  the  stiffness  of  the  Terfenol-D.  This  force  was  in  almost  exact  agreement  with  a 
model  which  took  into  account  the  force  from  the  spring-loaded  plates  (needed  to  avoid 
slippage),  the  transverse  stiffness  of  the  Terfenol-D  slab,  and  the  finite  bending  stiffness  of  the 
stator.  The  model  can  be  used  to  design  optimized  motors  with  improved  force  capability.  We 
tried  using  composite  Terfenol-D,  consisting  of  Terfenol-D  particles  in  an  epoxy  binder,  but  the 
speed  and  stalling  force  were  lower,  perhaps  because  it  did  not  have  a  very  uniform  distribution 
of  particles,  and  was  not  machined  as  flat  as  the  laminated  Terfenol-D.  The  motor  was  driven  by 
a  specially  designed  3 -phase  power  inverter  and  digital  controller,  and  the  large  reactive  power 
inherent  in  this  kind  of  motor  was  reduced  by  putting  it  in  series  with  resonant  capacitors. 

INTRODUCTION 

Galante  et  al  [1]  review  the  development  of  piezoelectric  and  magnetostrictive  motors, 
since  the  earliest  designs  were  patented  in  1964  and  1966,  including  the  Burleigh  iNCHWORM® 
motor.  For  the  next  30  years,  various  “walker”  and  “pusher”  mechanisms  were  developed,  to 
achieve  high  precision  motion,  either  linear  or  rotary,  in  a  compact  volume.  These  motor 
designs,  until  recently,  have  not  attempted  to  achieve  high  force  per  area,  or  high  output  power 
per  volume,  or  to  compete  with  conventional  motors  for  most  applications.  Instead,  they  have 
sought  a  niche  market  where  conventional  motors  cannot  be  used  because  very  high  precision  is 
required.  Roberts  [2]  lists  the  stalling  force,  no-load  velocity,  and  outside  dimensions  of  several 
different  piezoelectric  motors.  Typically  these  motors  have  force  to  cross-sectional  area  ratios 
on  the  order  of  10'^  pascals,  three  orders  of  magnitude  below  the  blocking  stress  of  PZT.  Their 
no-load  velocity  ranges  from  1  mm/sec  to  30  mm/sec,  at  least  an  order  of  magnitude  below  the 
theoretical  maximum  speed,  which  is  the  saturation  strain  of  PZT  times  the  sound  speed,  about  1 
meter  per  second.  Hence  there  is  room  for  considerable  improvement  in  the  speed  and  force 
capability  of  these  motors. 

Small  motors  with  high  output  power  are  needed  for  many  applications,  including  robotics, 
active  shock  absorbers,  vibration  control  and  wing  shape  control  in  aircraft,  and  fin  control  in 
torpedoes  and  submarines.  Often  these  applications  need  very  high  force,  and  relatively  low 
speed.  Conventional  motors  would  then  require  high  gear  ratios.  The  gears  take  up  room,  make 
noise,  and  wear  out,  reducing  the  output  power  per  volume  of  the  motor,  and  reducing  its 
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lifetime  and  reliability.  At  small  size,  conventional  motors  which  must  generate  strong  magnetic 
fields  to  have  high  forces,  have  large  ohmic  losses,  reducing  power  efficiency,  and  causing 
thermal  management  problems.  In  principle  piezoelectric  motors,  which  have  negligible  ohmic 
losses,  and  have  high  force  capability  without  the  need  for  gears,  could  compete  in  this  market 
just  on  the  basis  of  size  and  cost,  even  if  high  precision  is  not  needed.  But  for  this  to  happen,  it  is 
necessary  for  motor  designers  to  understand  what  limits  the  force  capability  in  these  motors,  and 
how  to  design  motors  with  greater  force  capability. 

At  SatCon,  we  have  built  and  tested  a  magnetostrictive  peristaltic  linear  motor,  using 
laminated  Terfenol-D.  Unlike  the  Kiesewetter  motor  [3],  which  uses  a  rod  of  Terfenol-D  in  a 
closely  fitting  cylindrical  channel,  in  our  design  the  Terfenol-D  is  in  the  form  of  a  flat  slab,  held 
between  two  spring-loaded  plates,  so  that  the  motor  is  not  affected  by  wear  of  the  Terfenol-D. 
Using  data  from  this  motor  and  from  an  earlier  motor  built  by  SatCon,  a  model  has  been 
developed  which  explains  the  speed  and  force  capability.  This  model  should  be  valid  also  for 
piezoelectric  motors  using  this  configuration.  Although  our  motor  already  has  a  respectable 
force  capability,  it  should  be  possible  using  our  model  to  design  motors  with  much  higher  force 
capability. 

MOTOR  DESIGN 

The  motor  and  some  of  the 
design  parameters  are  shown 
schematically  in  Fig,  1.  A  set  of 
three-phase  windings,  going 
through  the  slots  of  the  stator, 
produce  a  magnetic  field  in  the 
Terfenol,  which  varies  in 
direction  moving  along  the  length 
of  the  motor  (the  horizontal 
direction  in  Fig.  1).  At  locations 
where  the  field  is  mostly  vertical, 
the  Terfenol  contracts 
horizontally  and  expands 
vertically,  locking  it  against  the 
plates  and  preventing  it  from  moving  horizontally.  At  locations  where  the  field  is  mostly 
horizontal,  the  Terfenol  expands  horizontally,  and  contracts  vertically,  so  is  not  in  contact  with 
the  plates  and  is  free  to  move  horizontally.  This  spatially  varying  Terfenol  strain  is  greatly 
exaggerated  in  Fig.  1,  of  course,  since  in  reality  the  maximum  strain  is  only  about  1000  ppm.  As 
this  magnetic  field  pattern  and  the  corresponding  bumps  on  the  Terfenol  slab  move  from  right  to 
left,  due  to  the  ac  current  in  the  windings,  at  a  phase  velocity  Vp^,  the  Terfenol  will  move 
peristaltically  from  left  to  right,  at  a  speed  v  that  could  be  as  great  as 

V  =  Szz.maxVph/2  (1) 

where  ^3,,  is  the  peak-to-peak  axial  (horizontal)  strain  of  the  Terfenol. 

In  the  motor  we  built,  there  were  actually  two  stators,  one  above  the  Terfenol  slab,  as  in  Fig. 
1,  and  one  below  the  slab.  The  lower  stator  is  a  mirror  image  of  the  upper  stator,  replacing  the 
plate  shown  below  the  Terfenol  in  Fig.  1.  This  was  done  to  produce  a  magnetic  field  in  the 
Terfenol  that  was  more  uniform  vertically,  although  at  the  cost  of  needing  more  windings  and 
having  greater  ohmic  losses.  The  three-phase  windings  were  distributed  with  two  phases  in  each 
slot,  except  at  the  ends  of  the  stator,  and  each  winding  would  pass  through  one  slot,  and  go  back 


Fig.  1  Magnetostrictive  motor  with  one  stator.  Windings  are 
not  shown.  Strain  of  Terfenol  is  greatly  exaggerated.  Here 
hj  -  9.5  mm,  t^  =  7.6  mm,  tp  =  2  mm,  h^  =  1 1 .8  mm,  hj,  =  8 
mm,  w  =  27  mm,  2n/k  =  57.6  mm. 
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through  another  slot  that  was  two  slots  away.  Hence  the  phase  of  the  current  (and  the  field  in  the 
Terfenol)  would  change  by  60°  from  one  slot  to  the  next.  Because  the  strain  of  the  Terfenol  is  an 
even  function  of  the  field,  the  phase  of  the  bumps  changes  by  120°  from  one  slot  to  the  next.  We 
chose  to  use  three  phases  because  at  least  three  phases  are  needed  to  allow  the  motor  to  move  in 
either  direction.  Other  three-phase  winding  schemes  are  possible,  and  might  even  result  in  lower 
ohmic  losses  for  the  same  field  in  the  Terfenol,  but  this  winding  scheme  was  chosen  because  it 
was  easiest  to  implement.  At  least  six  slots  are  needed  in  each  stator,  in  order  to  ensure  that  the 
Terfenol  is  always  in  contact  with  each  stator  in  at  least  two  places,  as  shown  in  Fig.  1.  So  the 
length  of  the  Terfenol  slab  was  six  times  the  distance  from  one  slot  to  the  next.  In  order  to  allow 
room  for  the  motor  to  move,  we  made  the  total  length  of  the  stator  greater  than  this,  14  times  the 
slot  distance.  We  also  designed,  but  did  not  build,  a  motor  in  which  the  Terfenol  does  not  move 
with  respect  to  the  stator,  but  pushes  along  a  separate  plate.  In  that  design,  the  stator  length  is 
only  six  times  the  slot  distance. 

In  order  to  choose  the  other  design  parameters  shown  in  Fig.  1,  a  linear  magnetic  finite 
element  analysis  was  first  used  to  find  the  ratio  of  field  in  the  Terfenol  to  current  in  the 
windings,  the  fraction  of  flux  that  leaks  between  poles  without  going  through  the  Terfenol,  and 
the  maximum  flux  density  in  the  backiron  and  poles  of  the  stator,  as  a  function  of  the  design 
parameters.  Model  equations  (to  be  discussed  below)  were  then  found  for  the  motor  speed  and 
force  capability,  as  a  function  of  Terfenol  strain,  frequency  of  the  ac  current,  and  cross-sectional 
area  of  the  Terfenol.  The  relationship  between  field  and  strain  in  the  Terfenol  slab  was  found 
from  test  data  supplied  by  Etrema.  Finally,  equations  were  found  for  the  ohmic  and  hysteresis 
losses  in  the  motor,  and  for  the  temperature  rise  as  a  function  of  dissipated  power  and  motor 
dimensions,  assuming  cooling  by  forced  convection  in  air  at  3  m/s  wind  speed. 

Using  this  model,  the  motor  parameters  were  chosen  to  minimize  the  volume  of  the  motor, 
subject  to  these  constraints:  1)  temperature  rise  less  than  80°C  at  30%  duty  cycle,  2)  motor 
capable  of  12.5  mm/sec  speed  at  a  force  of  220  newtons,  and  3)  stator  backiron  and  poles  thick 
enough  not  to  saturate.  The  pole  thickness  tp  was  made  greater  than  needed  magnetically,  in 
order  to  make  the  poles  strong  enough  not  to  bend  or  break  when  the  windings  were  put  in  the 
slots.  A  gap  g  between  the  feet  of  the  stator  and  the  Terfenol  slab  is  necessary  only  in  order  to 
provide  room  for  intermediate  plates  with  a  very  hard,  flat  surface  for  the  Terfenol  to  lock 
against.  The  material  chosen  for  these  intermediate  plates  was  Inconel,  which  is  nonmagnetic, 
hard,  stiff,  easily  ground,  and  has  thermal  expansion  coefficient  close  to  that  of  the  silicon  iron 
laminations  used  for  the  stator.  The  plates  have  thickness  g  =  1  mm.  Three  lengthwise  slits  were 
put  in  these  plates  to  reduce  eddy  currents.  The  Terfenol  slab  has  laminations,  1  mm  thick,  for 
the  same  reason.  The  Terfenol  slab  is  mounted  in  a  carriage,  attached  to  a  rod  which  transmits 
the  force  to  an  external  load. 

The  components  of  the  motor  and  housing,  and  the  assembled  motor,  are  shown  in  Fig.  2. 
For  clarity,  the  windings  are  not  shown. 

MODEL  FOR  MOTOR  SPEED  AND  FORCE 

The  maximum  possible  motor  speed  is  given  by  Eq.  (1).  This  speed  should  be  attained  if  1) 
there  is  very  little  axial  load  on  the  motor,  2)  very  little  transverse  load  on  the  Terfenol  from  the 
spring-loaded  plates,  3)  the  stator  plates  and  Terfenol  surfaces  are  machined  very  flat,  compared 
to  the  height  of  the  magnetostrictive  bumps  induced  on  the  Terfenol,  and  4)  the  frequency  of  the 
ac  current  is  low  enough  so  eddy  current  and  finite  sound  speed  effects  can  be  neglected. 
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Fig.  2  Assembled  peristaltic  Terfenol-D  motor  and  components.  Trans¬ 
mission  assembly  includes  Terfenol  slab  and  frame.  Windings  not  shown. 


In  designing 
the  motor,  we 
relied  on  an 
expression  for 
the  reduction  in 
motor  speed  with 
increasing  axial 
load,  based  on 
data  from  an 
earlier  motor  we 
had  built  [4] 
without  really 
understanding  it. 
Due  to  an  error 
in  analyzing  that 
data,  even  our 
empirical 
expression  was 
not  correct,  and 
as  a  result  our 
new  motor  did 
not  achieve  the 
force  and  speed 
it  was  designed 
to  achieve. 
However,  we 
now  have  a  first- 


principles  derivation  of  the  reduction  in  speed  with  increasing  axial  load,  which  is  in  good 
agreement  with  the  data  on  both  motors,  so  we  should  be  able  to  design  motors  with  higher  force 
capability  in  the  future. 


There  is  a  reduction  in  motor  speed  due  both  to  the  direct  effect  and  indirect  effects  of  the 
axial  force.  Only  the  direct  effect  would  occur  if  there  were  no  transverse  force  on  the  Terfenol 
slab  from  the  spring-loaded  plates.  An  axial  stress  on  the  Terfenol  would  produce  a  transverse 
strain  in  the  Terfenol,  depending  on  the  Terfenol  stiffness  and  its  Poisson  ratio.  This  would 
cause  the  Terfenol  to  be  in  contact  with  the  stator  plates  over  a  finite  axial  distance,  as  shown  in 
Fig.  1.  If  the  load  force  is  exerted  on  the  Terfenol  from  the  right,  and  the  Terfenol  is  moving 
from  left  to  right,  then  the  axial  compressive  stress  will  be  greatest  at  the  right  end  of  the 
Terfenol,  and  will  decrease  over  the  contact  region.  At  each  point  in  the  contact  region,  the  axial 
stress  will  adjust  itself  so  that  the  total  strain,  due  to  the  axial  stress  and  the  magnetostriction,  is 
constant.  Because  of  the  finite  contact  area,  the  speed  of  the  motor  will  be  reduced  from  the 
value  given  by  Eq.  (1).  If  the  entire  len^h  of  the  Terfenol  were  in  contact  with  the  stator  plates, 
then  the  motor  speed  would  be  zero.  This  will  happen  when  the  zero-to-peak  magnetostrictive 
transverse  strain  is  equal  to  the  strain  due  to  the  axial  load  stress,  i.e.  when  the  axial 

stress  is 


and  when  the  axial  load  force  is 


CTn  =- 


^CT.. 


(2) 
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(3) 


F,  =  hjWGo 

where  h  is  the  height  and  w  is  the  width  of  the  Terfenol  slab. 

With  a  finite  friction  coefficient  K  between  the  Terfenol  and  plates,  however,  it  is  not 
possible  for  the  motor  to  run  with  no  transverse  force,  since  the  operation  of  the  motor  depends 
on  the  Terfenol  not  sliding.  For  our  motor,  K  =  0.35,  and  the  optimal  transverse  force  is  slightly 
more  than  the  axial  load  divided  by  K,  which  will  prevent  sliding.  The  tranverse  force  will 
reduce  the  stalling  force  of  the  motor,  since  (for  a  given  axial  load)  it  will  increase  the  contact 
area  of  the  Terfenol  against  the  stator  plates,  due  to  the  transverse  compressibility  of  the 
Terfenol.  In  addition,  the  transverse  force  will  cause  the  stator  plates  to  compress,  and  the  stator 
backiron  to  bend,  to  conform  to  the  magnetostrictive  bumps  on  the  Terfenol,  and  this  will  further 
increase  the  contact  area.  The  stalling  force  will  be  reduced  by  a  large  factor  when  the  distance 
from  bump  to  bump  is  less  than  or  comparable  to  the  height  of  the  Terfenol  and  the  thickness  of 
the  backiron,  with  numerical  factors  that  depend  on  the  ratio  of  Terfenol  stiffness  to  plate 
stiffness  and  backiron  stiffness,  and  on  the  Poisson  ratio  of  the  Terfenol.  For  our  motor  design, 
we  find  that  the  stalling  force  should  be  only 

F,  =  0.035hTW(To  (4) 

with  an  optimum  transverse  load  force  of 

Fy  =  F,/0.35  =  0.1hTwao  (5) 

TEST  RESULTS  AND  ANALYSIS 

The  windings  have  36  turns  per  phase  (72  turns  total)  in  each  slot.  The  magnetic  finite 
element  analysis  showed  that,  at  a  current  of  5  amps  rms  (which  is  observed  to  produce  a 
temperature  rise  of  80°C  at  40%  duty  cycle),  this  results  in  a  peak  axial  magnetic  field  in  the 
Terfenol  of  about  430  oersteds,  which  corresponds  to  a  peak-to-peak  axial  strain  of  about 
400  ppm.  At  a  frequency  of  1600  Hz,  with  no  axial  force  and  very  small  transverse  force,  the 
motor  speed,  from  Eq.  (1),  should  be  18  mm/s.  The  observed  speed  under  these  circumstances  is 
12  mm/s,  67%  of  the  predicted  speed.  Probably  the  discrepancy  is  due  to  the  fact  that  the 
surface  finish  of  the  Terfenol  slab,  nominally  2.5  pm,  is  not  much  smoother  than  the  size  of  the 
magnetostrictive  bumps.  The  peak-to-peak  transverse  strain  £yy_n,ax  would  be  about  200  ppm,  or 
100  ppm  on  each  side  of  the  slab.  The  slab  thickness  is  h^  =  9.5  mm,  so  the  bumps  would  be 
only  0.95  pm  high,  and  it  is  surprising  that  the  motor  runs  at  all.  Most  likely  the  surface  finish  of 
the  Terfenol  is,  on  average,  a  few  times  better  than  the  nominal  value  of  2.5  pm.  In  earlier  tests, 
with  the  surface  not  lapped  as  flat,  the  speed  was  only  10  mm/sec,  which  suggests  that  the  speed 
would  be  closer  to  18  mm/sec  if  the  surface  were  perfectly  flat. 

We  also  tried  using  a  slab  of  composite  Terfenol  [5],  consisting  of  ground  up  particles  of 
Terfenol  embedded  in  epoxy,  in  place  of  the  laminated  Terfenol,  but  in  that  case  found  a  no-load 
speed  that  was  only  25%  of  the  speed  predicted  by  Eq.  (1).  This  low  speed  was  likely  due  to  the 
composite  Terfenol  having  smaller  transverse  strain  than  the  laminated  Terfenol,  and  worse 
surface  finish,  so  that  the  magnetostrictive  bumps  were  actually  smaller  than  the  random  peaks 
and  valleys. 

To  estimate  the  value  of  CTq  to  use  in  Eqs.  (4)  and  (5),  we  first  note  that  the  elastic  modulus 
of  Terfenol  {daJde^X  varies  from  about  20  GPa  when  far  from  saturation,  to  about  80  GPa 
when  saturated,  and  might  have  an  average  value  of  about  50  GPa  over  the  range  of  fields  and 
stresses  encountered  in  our  tests.  The  Poisson  ratio  also  depends  strongly  on  how  saturated  the 
Terfenol  is,  and  on  the  orientation  of  the  twin  planes  with  respect  to  the  field  and  stress 


265 


directions,  but  has  a  typical  value  of  0.5,  so  we  expect  {dzjd<5^^  to  be  about  0.5{dzjd(5^n. 
Then,  from  Eq.  (2),  again  using  Syy  n,ax  =  200  ppm  for  5  amps  rms  current,  we  find  CTo  =  10  MPa. 
Since  h^  =  9.5  mm  and  w  =  25  mm,  we  expect  from  Eq.  (4)  that  the  stalling  force  will  be  90  N  at 
an  optimal  transverse  force  a  little  greater  than  260  N.  In  fact,  we  did  observe  a  stalling  force  of 
90  N  with  a  current  of  5  amps  rms,  but  the  transverse  force  used  was  700  N.  Presumably  the 
stalling  force  would  have  been  somewhat  greater  at  a  smaller  transverse  force.,  but  this  was  not 
measured.  Nevertheless,  the  agreement  with  Eq.  (4)  is  good,  considering  the  uncertainty  in  the 
Terfenol  stiffness  and  Poisson  ratio  that  should  be  used  in  the  calculation. 

CONCLUSIONS 

Measurements  were  made  of  the  no-load  speed  and  stalling  force  of  a  planar 
magnetostrictive  peristaltic  motor.  The  results  are  in  good  agreement  with  a  model  that  takes 
into  account  the  axial  and  transverse  stiffness  of  the  Terfenol  slab,  its  Poisson  ratio,  and  the 
bending  stiffness  of  the  stator.  Achieving  high  speed  requires  the  use  of  laminations  and  a 
smooth  surface  finish  on  the  Terfenol  and  the  stator.  Stalling  force  is  greatest  with  high  friction 
coefficient,  so  that  high  transverse  force  is  not  needed  to  keep  the  Terfenol  from  slipping,  and 
when  the  Terfenol  and  stator  are  both  very  stiff.  Our  model,  which  would  apply  also  to 
piezoelectric  motors  of  this  geometry,  will  make  it  possible  to  design  motors  with  large  speed 
and  force,  and  minimal  volume  for  a  given  temperature  rise  and  duty  cycle,  or  optimized  for 
some  other  figure  of  merit. 
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ABSTRACT 

The  mechanical  energy  absorption  characteristics  of  several  polymer  matrix  Terfenol-D 
composites  were  evaluated  experimentally.  Magnetostrictive  composites  absorb  energy  through 
domain  level  processes  that  couple  mechanical  and  magnetic  energies.  The  testing  consisted  of 
mechanically  cycling  the  materials  at  different  stress  amplitudes  (combined  compression  and 
tension)  at  a  single  frequency.  Results  indicate  that  the  magnetostrictive  composites  exhibit  a 
unique  combination  of  high  damping  properties  in  conjunction  with  a  relatively  high  modulus. 
The  measured  tan  delta  values  for  the  materials  are  functionally  dependent  upon  the  stress 
amplitude.  In  general,  as  the  stress  amplitude  increased,  the  damping  or  energy  absorbed  during 
one  cycle  decreased.  Results  also  indicate  that  damping  is  directionally  dependent  (i.e. 
anisotropic)  and  that  bias  magnetic  fields  decrease  the  energy  absorption.  The  volume  fraction 
of  the  composites  did  not  play  a  significant  role  in  the  magnitude  of  damping.  This  effect  may 
be  related  to  the  inherent  pre-stress  imparted  on  the  particle  by  the  resin  during  cure. 

INTRODUCTION 

New  structural  damping  materials  are  desired  for  many  applications  including  aerospace, 
automotive,  and  sporting  goods.  Brodt  and  Lakes  [1]  indicate  that  current  damping  materials 
lack  the  combination  of  both  high  stiffness  and  high  loss  characteristics.  Previously  considered 
materials  are  best  represented  by  the  class  of  visco-elastic  materials  (VEM).  However,  VEMs 
have  limited  stiffness  values,  reduced  thermal  operating  ranges,  and  are  frequency  dependent. 
These  limitations  are  linked  to  the  molecular  nature  of  the  mechanism  producing  hysteresis  (i.e. 
damping)  within  a  VEM.  A  new  class  of  damping  materials,  magnetostrictive  composites,  offers 
several  distinct  advantages  when  compared  to  VEMs.  Magnetostrictive  materials  absorb  energy 
(i.e.  have  hysteresis)  through  a  magnetic  domain  level  mechanism  rather  than  through  molecular 
chain  interactions.  The  magnetostrictive  components  have  relatively  high  stiffness,  high-energy 
absorption,  and  can  be  used  over  relatively  broad  temperature  ranges.  While  the 
magnetostrictive  composites  offer  substantial  improvements,  detailed  data  describing  its 
damping  properties  do  not  exist.  Therefore,  a  research  effort  needs  to  evaluate  the  damping 
properties  of  magnetostrictive  composites. 

Hathaway  et  al.  first  discussed  the  use  of  magnetostrictive  materials  (i.e.  Terfenol-D)  for 
damping  in  1996  [2-3].  The  authors  [2]  described  the  use  of  domain  level  motion  as  a 
fundamental  energy  absorption  mechanism  in  a  magnetostrictive  material  under  mechanical 
loading.  The  authors  predicted  [2]  that  the  energy  absorption  in  a  magnetostrictive  material 
depends  on  the  stress  magnitude  in  the  material  and  is  relatively  independent  of  fi-equency.  The 
reason  for  this  behavior  is  related  to  the  finite  number  of  stable  magnetic  configurations  within 
the  crystal  structure  of  a  magnetostrictive  material.  The  application  of  stress  along  one  plane  of 
the  crystal  lowers  the  energy  barrier  causing  movement  of  the  magnetic  moment  within  the 
material.  At  a  critical  stress  level,  the  magnetization  may  “jump”  from  one  stable  orientation  to 
another,  in  a  non-reversible  energy  absorbing  process.  Hathaway  et  al,  make  the  important 
argument  that  this  energy  absorption  process  is  fundamentally  different  than  that  of  magnetic 
hysteresis,  where  pinning  of  domain  walls  and  their  irreversible  movement  though  the  crystal  is 
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responsible  for  most  of  the  magnetic  energy  loss.  Another  important  argument  to  consider  is  that 
the  application  of  mechanical  stress  to  a  magnetostrictive  material  does  not  influence  180® 
domain  walls.  This  is  in  sharp  contrast  to  magnetic  field  induced  hysteresis  where  180°  domain 
walls  account  for  a  large  portion  of  the  magnetic  energy  absorbed. 

In  addition  to  analysis,  Hathaway  et  al.  [3]  conducted  experimental  work  on  a 
homogeneous  Terfenol-D  specimen.  The  tests  consisted  of  applying  a  saturating  magnetic  field 
to  the  specimen  followed  by  a  mechanical  load.  The  saturating  field  was  applied  to  rotate  the 
magnetic  domains  predominantly  parallel  to  the  loading  direction.  Domain  alignment  could 
have  also  been  achieved  by  applying  a  tensile  mechanical  load.  However,  the  monolithic  form 
of  Terfenol-D  is  brittle  and  would  easily  fracture  under  tensile  loading.  Results  of  Hathaway  et 
al.  [3]  indicate  that  the  material  exhibits  a  large  single  cycle  damping  behavior  characterized  by  a 
maximum  Q  factor  of  0.28  at  a  stress  amplitude  of  5  MPa.  However,  the  single  cycle  damping 
limitation  significantly  reduces  the  usefulness  of  the  material  as  a  damper.  We  believe  that  a 
composite  sample  could  be  used  to  overcome  this  limitation.  In  a  composite,  the  domains  could 
be  aligned  with  a  tensile  load  eliminating  the  need  for  an  external  magnetic  field. 

Work  on  polymer  matrix  magnetostrictive  composites  has  focused  on  improving  the  high 
fi'equency  performance  of  Terfenol-D  transducers  by  eliminating  eddy  currents  losses  [4-6]. 
Researchers  report  results  with  frequency  performances  in  excess  of  10  kHz  [6],  representing  an 
order  of  magnitude  improvement  over  the  monolithic  Terfenol-D.  In  addition  to  enhanced 
bandwidths,  the  composite  is  also  significantly  more  durable  than  the  monolithic,  permitting 
complex  mechanical  loads  such  as  tension,  shear,  and  impact  loading  to  be  supported,  rather  than 
simple  compression,  as  is  the  case  for  the  monolithic.  These  and  other  properties  support  the 
proposition  that  magnetostrictive  composites  could  be  used  in  damping  applications  where  the 
loading  is  generally  a  complex  state  of  bending  or  shear.  An  additional  advantage  of  composite 
materials  for  damping  applications  is  that  the  stiffness  of  the  composite  can  be  tailored  by 
changing  the  volume  fraction  of  the  constituent  materials  [5],  Thus,  one  can  impedance  match 
the  material  for  a  specific  application  to  maximize  energy  transfer  into  the  damping  material. 

EXPERIMENTAL 

Mechanical  testing  of  composite  magnetostrictive  materials  was  performed  on  five 
composite  specimens.  Each  of  the  specimens  was  tested  at  several  load  amplitudes  to  investigate 
the  effect  of  mechanical  load  on  the  damping  properties.  Unless  otherwise  specified,  a  magnetic 
field  was  not  applied  prior  to  or  during  the  mechanical  loading  cycle.  The  specimens  were  tested 
in  cyclic  loading  from  tension  to  compression  in  an  attempt  to  maximize  the  damping  properties 
of  the  material  (i.e.  maximize  magnetic  domain  motion).  However,  due  to  the  preload  imparted 
on  the  particulate  by  the  resin  during  cure,  the  values  reported  in  this  manuscript  should  not  be 
viewed  as  maximum  damping  values. 

The  specimens  were  prepared  using  a  low  viscosity  vinyl  ester  resin  system  that  cures  at 
room  temperature  and  has  a  mix  viscosity  of  100  centipoise.  The  Terfenol-D  magnetostrictive 
particles  consisted  of  a  poly-distribution  mixture  with  all  particles  less  than  300  microns  in 
length.  The  particles  were  of  varying  shape  due  to  the  ball  milling  process  used  to  create  the 
particles  fi-om  the  bulk  material.  In  general,  the  particles  were  jagged  and  difficult  to  wet 
properly.  To  overcome  this  problem,  the  particles  were  coated  with  a  solution  of  vinyl  ester 
polymer  prior  to  their  introduction  into  the  composite.  The  coated  particles  and  resin  were 
mixed  and  repeatedly  degassed  to  remove  unwanted  trapped  air.  The  specimens  were  placed  in  a 
static  magnetic  field  produced  by  two  large  rare  earth  permanent  magnets,  and  the  resin  allowed 
to  cure.  The  static  magnetic  field  aligns  the  particles  into  chains  and  creates  an  anisotropic 
particle  distribution.  For  discussion  purposes  the  aligned  particles  were  treated  as  fibers  with  a 
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composite  connectivity  of  1-3.  Three  specimens  containing  particle  volume  fractions  of  20,  30, 
and  50  percent  were  produced  with  the  particle  aligned  in  the  direction  of  loading  (0  degree 
composite).  One  sample  (20%  Vf)  was  produced  with  the  particles  aligned  perpendicular  to  the 
direction  of  loading  (90  degree  composite)  to  examine  the  influence  of  particle  alignment  on  the 
damping  properties.  One  resin  sample  was  also  manufactured  without  particles  to  detennine  the 
properties  of  the  polymer  alone. 


T  compression 


Figure  1  -  Experimental  setup  for  tension-compression  loading  of  specimen  within  solenoid. 

The  specimens  were  tested  in  tension  and  compression  using  a  hydraulic  testing  machine 
operated  in  load  control  mode.  Each  specimen  was  instrumented  with  two  axial  bidirectional 
strain  gages  and  a  flux  pick-up  coil  (Figure  1).  The  magnetic  field  was  created  using  a  water- 
cooled  solenoid.  Steel  pushrods  were  used  to  load  the  approximately  2.5  x  1.0  x  1.0  cm 
specimens  within  the  solenoid.  The  specimens  were  mounted  in  a  butt  joint  configuration  that 
limited  the  tensile  stress  to  less  than  16  MPa  (Figure  1).  This  stress  amplitude  (i.e.  16  MPa)  was 
considered  to  be  sufficiently  high  to  align  a  significant  portion  of  the  domains  with  the  loading 
direction.  The  amplitude  of  the  compressive  stress  was  similar  in  absolute  magnitude  to  die 
tensile  stress  for  all  tests.  The  precision  of  the  load  cell  limited  the  smallest  mechanical  load 
range  to  be  2  MPa  peak  to  peak.  All  testing  was  performed  at  a  frequency  of  1  Hz  to  reduce 
frequency  effects  from  the  results  and  minimize  the  damping  contributions  from  the  polymer 
resin.  The  main  purpose  of  these  tests  was  to  investigate  the  energy  absorption  of  the 
magnetostrictive  composite  due  to  domain  movement. 

RESULTS/DISCUSSION 

Mechanical  testing  produced  stress-strain  hysteresis  plots  for  each  loading  amplitude. 
Figure  2  displays  sample  results  for  three  composites  tested.  The  hysteresis  loops  were  generally 
ellipsoid  with  a  transition  to  a  more  s-shaped  curve  as  stress  amplitude  increased.  The 
experimental  data  was  reduced  using  an  analytical  procedure  typical  for  VEM's.  A  complex 
modulus  model  was  fitted  to  the  data  and  yielded  both  real  and  imaginary  components  of 
Young’s  modulus.  These  values  were  used  to  detennine  the  energy  absorption  in  the  material. 
The  complex  modulus  may  be  derived  by  assuming  a  phase  lag  in  time  between  loading  and 
displacement  in  a  material  commonly  referred  to  as  delta.  The  ratio  of  the  imaginary  to  the  real 
modulus  is  the  tangent  of  this  phase  lag  angle  and  is  used  to  compare  the  relative  damping 
performance  of  different  materials. 
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Figure  3  presents  an  overall  comparison  of  the  materials  tested.  The  graphs  illustrate  the 
variation  in  damping  property  (tan  delta)  with  strain  (stress)  amplitude.  Strain  was  chosen  as  the 
appropriate  metric  to  plot,  since  the  stress  on  the  particle  is  different  from  the  macroscopic  stress. 
However,  based  on  the  1-3  composite  assumption,  the  macroscopically  measured  strain  is  the 
same  as  the  particle  strain.  The  graph  shows  a  comparison  of  all  materials  tested  and  reveals  that 
generally  each  of  the  materials  with  aligned  particles  exhibit  high  damping  at  low  stress/strain 
amplitudes  and  slowly  decrease  with  increasing  stress/strain  amplitudes.  The  damping  property 
of  the  vinyl  ester  baseline  material  demonstrates  that  the  resin  contribution  is  small.  Curiously, 
the  particle  volume  fraction  did  not  play  a  significant  role  in  the  magnitude  of  damping  in  each 
composite.  A  possible  explanation  for  this  behavior  is  the  non-uniform  pre-stress  imparted  on 
the  particles  by  the  resin  during  fabrication.  The  maximum  magnitude  of  damping,  while 
relatively  high,  is  still  well  below  the  theoretical  limit  predicted  by  Hathaway  [2].  Again,  it  is 
believed  that  this  may  be  attributed  to  the  residual  stress  state  in  the  particles  after  fabrication 
and  may  be  improved  by  changing  the  resin  system  used  for  the  matrix  material. 

The  decreasing  trend  of  damping  with  increasing  stress  (or  strain)  has  been  predicted  by 
Hathaway  [2]  and  is  due  to  the  relatively  low  magnetic  anisotropy  of  Terfenol-D  at  zero  applied 
stress.  Higher  magnetic  anisotropy  will  shift  fiie  maximum  damping  properties  to  higher 
stress/strain  amplitudes.  Conversely,  by  tailoring  the  pre-load  induced  on  the  particulate  during 
cure,  the  "optimum"  stress/strain  amplitude  can  be  shifted.  In  each  randomly  oriented  domain  a 
critical  applied  stress  reduces  the  energy  barrier  from  one  stable  crystal  orientation  to  another. 
This  jumping  process  is  non-reversible  and  absorbs  a  specific  amount  of  energy  for  each  domain 
jumping  process.  After  a  domain  has  jumped,  it  will  behave  elastically  unless  an  opposite 
critical  stress  is  applied  which  can  cause  it  to  jump  back  to  the  original  stable  configuration. 


Figure  2  -  Typical  raw  stress-strain  hysteresis  plot  for  the  array  of  specimens  tested  at  similar  maximum 
stress  loadings. 

Results  in  Figure  3  also  indicate  that  the  damping  produced  by  a  specimen  containing 
particles  aligned  perpendicular  to  the  direction  of  loading  was  substantially  smaller  than  when 
the  particles  were  aligned  with  the  loading  direction.  In  fact,  the  damping  property  of  the  20% 
perpendicular  specimen  was  only  slightly  larger  than  the  matrix  material.  This  can  be  explained 
by  approximating  the  particulate  composite  as  a  continuous  fiber  1-3  composite  with  the  load 
applied  perpendicular  to  the  fibers.  Using  this  analogy,  we  can  argue  that  the  stress  (not  the 
strain)  in  the  particles  is  approximately  equal  to  that  of  the  matrix  and  the  rest  of  the  composite. 
This  is  in  sharp  contrast  to  the  loading  of  a  composite  in  the  direction  of  the  fiber  where  most  of 
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the  load  is  supported  by  the  fiber.  For  this  later  case,  the  stress  in  the  particles  is  substantially 
higher  than  the  overall  composite  stress.  The  additional  stress  in  the  magnetostrictive  material 
allows  magnetization  jumping  to  occur  in  a  larger  fraction  of  particles  and  thus  more  energy  to 
be  absorbed  in  the  composite  with  particles  aligned  with  the  loading  direction.  This  argument 
asserts  that  the  particle  stress  in  the  20%  perpendicular  aligned  composite  was  below  the  critical 
stress  required  for  magnetization  jumping.  These  results  also  reveal  the  anisotropic  damping 
behavior  exhibited  by  the  composites.  This  is  a  major  departure  from  traditional  visco-elastic 
materials,  which  are  typically  isotropic.  Non-isotropic  materials  imply  that  dampers  can  be 
designed  with  directional  damping  properties  proportional  to  the  load  level. 

The  effects  of  applying  a  constant  magnetic  field  during  cyclic  loading  was  also 
investigated  using  a  solenoid  mounted  around  the  test  setup.  Figure  4  presents  the  results  of  this 
test  on  a  40%  volume  fraction  composite.  The  composite  specimen  was  tested  at  constant  stress 
amplitude  of  8  MPa  for  all  field  strengths.  Results  reveal  that  the  total  magneto-elastic  damping 
decreases  as  the  applied  field  increases.  At  large  magnetic  field  levels,  the  damping  depends 
only  on  the  polymer  matrix  component.  In  general,  we  believe  that  the  application  of  the  field 
does  not  decrease  the  damping  capacity  of  the  material  but  shifts  the  critical  stress  level  to  a 
higher  value.  Detailed  tests  were  not  performed  to  fiilly  evaluate  this  supposition,  but  this  result 
is  suggested  since  it  could  provide  a  mechanism  to  produce  a  stress-level-activated  damping 
material.  Again  this  is  another  fundamental  difference  between  magnetic  and  visco-elastic 
material  damping. 
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Figure  3  -  Comparison  loss  tangent  of  magnetostrictive  composites  piotted  against  maximum  strain  in  the 
materiai.  Note  the  generai  decreasing  trend  in  energy  absorption  with  increasing  strain/stress. 
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Figure  4  -  Effect  of  an  external  bias  field  on  the  loss  tangent  for  a  40%  Vf  Terfenol-D  composite. 
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CONCLUSION 

In  summary,  the  damping  properties  of  polymer  matrix  magnetostrictive  materials  have 
been  evaluated  using  mechanical  testing.  Terfenol-D  particulate  polymer  matrix  composites 
present  a  combination  of  high  energy  absorption  and  high  stiffness.  The  materials  possess  a  tan 
delta  of  0.1  at  low  stress  amplitudes.  However,  this  value  is  well  below  the  theoretical  prediction 
for  Terfenol-D  [2]  which  may  be  attributed  to  the  residual  stress  state  in  the  particle  produced 
during  processing.  The  magnitude  of  damping  in  the  materials  decreases  as  the  stress  amplitude 
increases.  This  result  was  predicted  theoretically  by  Hathaway  et  al.  [2]  and  is  a  result  of  the  low 
magnetic  anisotropy  in  Terfenol-D  at  zero  applied  stress  and  field.  In  addition,  the  damping  was 
found  to  be  a  strong  function  of  the  material  loading  direction  because  of  the  composite’s 
anisotropic  properties.  Thus,  the  preparation  of  directionally  selective  dampers  is  now  possible. 
Finally,  the  application  of  a  constant  bias  magnetic  field  was  found  to  decrease  the  damping. 
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ABSTRACT 

The  objective  of  this  research  and  development  program  is  to  develop  production  methods 
to  obtain  thin  strips  of  oriented  crystalline  Terfenol-D  and  to  develop  multi-layered  driver  rods 
for  transducers  that  will  operate  over  a  broad  spectrum  into  the  MHz  frequency  range.  To  reach 
this  goal,  special  methods  must  be  used  to  minimize  the  amoimt  of  mechanical  processing,  such 
as  machining,  as  the  material  is  both  brittle  and  expensive.  A  modified  rapid  solidification 
method  has  been  developed  to  process  Terfenol-D  to  obtain  the  desired  geometric  configuration 
of  long  thin  strips.  Currently,  sections  that  are  500  mm  long,  2  mm  wide  and  0.1  mm  thick  can 
be  produced.  In  addition,  this  method  enables  the  crystallographic  orientation  of  the  strips  of 
Terfenol-D  to  be  controlled  to  obtain  the  preferred  orientation  that  will  maximize  the 
magnetostrictive  displacement  of  the  material.  Magnetostrictive  measurements  have  shown  that 
the  samples  prepared  by  this  approach  have  a  62  percent  improved  magnetostrictive  performance 
when  compared  to  non-oriented  Terfenol-D.  The  ribbons  have  been  consolidated  into  transducer 
driver  rods.  The  magnetostrictive  performance  of  the  driver  rods  has  been  measured  to  be  60 
percent  of  the  as  prepared  ribbons.  The  reduction  in  performance  is  attributed  primarily  to  the 
geometric  placement  of  the  ribbons  inside  the  driver  rods. 

INTRODUCTION 

Terfenol-D  is  well  known  to  have  one  of  the  largest  magnetostrictive  displacements  under 
ambient  (room  temperature)  operating  conditions  [1].  To  date,  the  standard  design  for 
transducers  that  use  Terfenol-D  as  the  actuator  incorporates  a  rod  of  the  material  cast  under 
specific  cooling  conditions.  The  cooling  parameters  are  designed  to  generate  a  desired 
crystallographic  structure  in  the  rod  to  obtain  the  largest  possible  magnetostrictive  displacement, 
which  increases  the  amplitude  of  the  ultrasonic  signal  that  is  generated  by  the  transducers.  This 
enables  greater  travel  distance  in  water  and  similar  media. 

One  of  the  limits  of  this  t)q)e  of  magnetostrictive  transducer  is  the  high  frequency  limit  of 
the  ultrasonic  signal  generated  by  this  method.  This  is  a  direct  result  of  the  manufacturing 
method  required  for  this  material.  To  obtain  the  optimal  crystallographic  orientation  required  to 
maximize  tiie  magnetostrictive  displacement,  the  material  is  cast  under  precisely  controlled 
cooling  conditions  to  obtain  a  directional  cooling  process  [2].  The  directional  cooling  causes  the 
grains  to  grow  in  a  preferred  orientation,  resulting  in  the  direction  of  maximum  magnetostrictive 
displacement  being  aligned  along  the  length  of  the  rod.  The  result  of  this  casting  process  is 
Terfenol-D  samples  that  have  the  geometry  of  a  rod  that  typically  have  a  diameter  greater  than 
0.5  inches.  In  addition,  Terfenol-D  is  very  brittle,  making  it  very  difficult  and  very  expensive  to 
machine  [3].  Therefore,  once  the  rod  has  been  cast  to  obtain  the  desired  crystallographic 
orientation,  it  is  nearly  impossible  to  obtain  thin  sections  of  the  material. 

The  large  size  of  the  actuator  rod  limits  the  effectiveness  of  the  transducer  at  higher 
frequencies  due  to  eddy  current  losses  [3].  The  optimal  configuration  for  higher  frequency 
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magnetostrictive  transducers  is  to  have  thin  layers  of  the  material  stacked  together  to  form  driver 
rods  for  a  transducer.  This  maximizes  the  magnetostrictive  behavior  and  minimizes  the  eddy 
current  losses  that  occur  when  the  rod  configuration  is  used,  enabling  generation  of  ultrasonic 
signals  with  firequencies  in  the  low  megahertz  (MHz)  range.  The  objective  of  this  program  has 
been  to  prepare  thin  sections  of  Terfenol-D  wii  the  appropriate  crystallographic  orientation  to 
maximize  the  magnetostrictive  displacement.  To  achieve  this  goal,  a  rapid  solidification  method 
was  adopted  to  produce  ribbons  of  Terfenol-D.  By  controlling  the  melt  spinning  parameters,  it  is 
possible  to  tailor  the  geometric  configuration  of  the  ribbon  while  maintaining  the  desired 
ciystallographic  orientation  to  maximize  the  magnetostrictive  displacement  of  the  ribbon. 

EXPERIMENTAL  APPROACH 

To  generate  ribbons  of  Terfenol-D,  the  melt  spinning  approach,  which  is  typically 
implemented  to  prepare  metallic  glasses,  was  used  [4],  A  schematic  of  the  melt  spinning  system 
is  shown  in  Figure  1 .  The  melt  spinning  procedure  is  initiated  by  placing  a  5  gm  piece  of  non- 
oriented  Terfenol-D  in  a  quartz  crucible,  which,  in  turn,  is  placed  inside  an  induction  coil.  The 
Terfenol-D  is  heated  by  induction  heating  just  past  the  melt  point,  at  which  time  it  is  ejected  onto 
the  spinning  wheel  through  a  small  hole  in  the  quartz  crucible.  The  molten  metal  is  ejected  by 
applied  argon  gas.  The  melt  spinning  process  is  performed  inside  an  enclosed  chamber  under  an 
argon  atmosphere  at  ambient  pressure  to  prevent  oxidation.  The  velocity  of  the  melt  spinning 
wheel  is  set  by  a  controller  and  is  measured  using  an  optical  tachometer.  The  composition  and 
velocity  of  the  spinning  wheel  were  evaluated  to  determine  the  parameters  that  yielded  the 
highest  quality  ribbon  with  the  desired  crystallographic  orientation.  In  addition,  the  diameter  of 
the  hole  in  the  quartz  crucible,  which  controls  the  volume  of  molten  metal  that  is  ejected  onto  the 
spinning  wheel,  was  varied  to  control  the  thickness  of  the  ribbon. 

Using  the  melt  spinning  technique,  sections  of  ribbon  have  been  obtained  that  measure  over 
300  mm  in  length.  The  physical  geometry  of  the  ribbons,  including  their  length,  thickness  and 
width,  depend  on  the  parameters  of  the  melt  spinning  system.  Similar  control  of  the  ribbon 
geometry  can  be  obtained  by  keeping  the  wheel  velocity  constant  and  varying  the  diameter  of  the 
crucible  orifice.  However,  the  changes  in  the  ribbon  geometry  due  to  the  size  of  the  crucible 
orifice  are  smaller  in  magmtude  than  those  that  result  fi’om  variations  in  the  wheel  velocity. 


Figure  1.  Schematic  of  the  melt  spirming  process. 
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The  crystallographic  orientation  of  the  ribbons  was  determined  by  x-ray  diffraction.  The 
preferred  direction  of  magnetization  in  Terfenol-D  is  [1 1 1]  in  the  cubic  Laves'  phase,  which 
should  be  oriented  in  the  plane  of  the  ribbon  to  maximize  the  magnetostrictive  displacement. 

The  samples  were  scanned  at  2°  per  minute  in  a  computer  controlled  Diano  XRD  8535  X-ray 
diffractometer.  Each  diffraction  pattern  was  analyzed  by  subtracting  the  background  radiation 
and  normalizing  the  diffraction  pattern  to  itself  and  the  powder  diffraction  pattern  of  Terfenol-D. 

The  magnetostrictive  performance  of  the  ribbon  was  determined  using  a  custom 
measurement  system.  Figure  2  shows  a  schematic  of  the  experimental  apparatus.  The  ribbons 
were  mounted  between  the  pole  faces  of  an  electromagnet  in  a  loosely  fitting  channel  made  of 
glass  slides  to  keep  the  ribbon  from  swinging.  Measurements  on  bulk  Terfenol-D  commonly 
utilize  compressive  stresses.  Since  it  is  not  practical  to  apply  a  compressive  stress  to  ribbons,  a 
tensile  stress  was  used  instead.  The  ribbons  were  attached  by  small  clamps  or  glued  to  small 
hooks.  The  weights  were  hung  from  a  custom  apparatus  that  attached  to  the  clamp  or  wire  hook. 
Weights  of  50, 100, 200,  and  500  gm  were  hung  from  the  weight  holder  to  apply  the  stress.  This 
resulted  in  average  stresses  of  0.31, 0.72, 1.4,  and  2.7  MPa,  Because  the  width  and  thickness  of 
the  ribbon  varied  with  position,  the  local  stress  varied  somewhat  throughout  the  sample.  Based 
on  the  variations  of  ribbon’s  width  and  thickness,  the  estimated  standard  deviation  of  the  stress  is 
15  percent.  An  MTI 1000  Fotonic  sensor  was  used  to  measure  the  motion  of  the  bottom  of  the 
weight  and  a  Lakeshore  Gaussmeter  was  used  to  measure  the  applied  field. 

The  ribbons  were  consolidated  into  driver  rods  that  will  be  evaluated  for  additional  acoustic 
generation  and  detection  systems.  The  driver  rod  was  designed  to  have  many  layers  of  ribbons 
encased  in  an  epoxy  shell.  The  ribbons  were  coated  with  a  100  micron  layer  of  epoxy  on  each 
surface.  This  step  insured  the  electrical  isolation  of  the  ribbons  from  each  other  as  they  stacked 
into  the  configuration  of  the  driver  rod.  Once  the  epoxy  coating  is  fully  cured,  the  ribbons  are 
placed  into  a  stack  and  then  placed  inside  the  mold.  The  remainder  of  the  mold  is  filled  with 
epoxy.  Once  the  additional  epoxy  is  fully  cured,  the  driver  rod  is  removed  from  the  mold  and  is 
cut  and  polished  to  obtain  a  rod  with  the  desired  geometry  and  without  any  irregular  surfaces. 
The  completed  driver  rod  had  two  stacks  of  40  ribbons  placed  parallel  to  each  other,  with  a  final 
dimensions  of  %  x  V2  x  1.75  inches  in  size  with  flat  and  parallel  ends. 


Figure  2,  Schematic  of  the  apparatus  used  to  measure  the  magnetostrictive  displacement  of  the 
Terfenol-D  ribbons. 
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RESULTS  AND  DISCUSSION 


X-rav  Diffraction 

The  desired  x-ray  dif&action  pattern  maximizes  the  (110)  peak.  When  this  plane  is  in  the 
plane  of  the  ribbon,  the  [1 1 1]  direction  is  also  in  the  plane  of  the  ribbon.  This  meets  the  goal  of 
obtaining  the  crystallographic  orientation  with  the  [1 1 1]  direction  in  the  plane  of  the  ribbon.  In 
addition  to  maximizing  the  (1 10)  peak,  the  (111)  peak  should  be  minimized  to  eliminate  any 
undesired  crystallographic  orientation.  It  is  not  possible  to  eliminate  all  other  diffraction  peaks 
due  to  the  preferred  diffraction  angles  of  the  randomly  oriented  structure  (e.g.  powder 
dif&action).  Even  if  the  [1 1 1]  direction  is  in  the  plane  of  the  ribbon,  other  diffraction  planes  are 
present  in  the  diffraction  pattern. 

The  results  shown  in  Figure  3  demonstrate  the  systematic  dependence  of  the 
crystallographic  orientation  on  the  cooling  rate  of  the  melt  spinning  process.  The  amplitude  of 
the  (220)  dif&action  peak  is  shown  as  a  flmction  of  the  thermal  conductivity  of  the  melt  spinning 
wheel  at  a  constant  wheel  velocity  of  2  m/s,  except  for  the  wheel  with  the  lowest  thermal 
conductivity,  where  a  velocity  of  13  m/s  was  required  to  obtain  continuous  ribbon.  The  results 
shown  here  and  in  a  previous  publication  [4]  clearly  show  that  the  wheel  composition,  wheel 
velocity,  and  other  melt  spinning  parameters  can  be  used  to  control  the  crystallographic 
orientation  of  Terfenol-D. 


Figure  3.  Normalized  intensity  of  the  (220)  diffraction  peak  for  Terfenol-D  as  a  function  of 
thermal  conductivity  of  the  melt  spinning  wheel. 

Magnetostrictive  Displacement  Characterization 

Figure  4  shows  the  magnetostrictive  displacement  for  a  Terfenol-D  ribbon  prepared  with  a 
melt  spinning  wheel  that  had  a  thermal  conductivity  of  0,4  Wcm/K  at  a  wheel  velocity  of  5  m/s 
for  two  different  tensile  stresses.  Each  curve  shows  two  different  sweeps  overlaid.  The  data  are 
repeatable  when  the  stresses  are  removed  and  replaced,  with  a  total  variance  of  less  than  10 
percent  from  day  to  day.  The  shape  of  the  curve  is  very  similar  to  that  of  bulk  Terfenol-D,  with 
an  observable  double  well  shape  at  approximately  zero  field.  The  maximum  amount  of 
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magnetostrictive  displacement  was  measured  to  be  1300  microstrain,  which  is  a  62  percent 
improvement  over  the  values  recorded  for  Terfenol-D  ribbons  that  did  not  have  a  preferred 
crystallographic  orientation. 


Figure  4.  Magnetostrictive  displacement  as  a  function  of  magnetic  field  for  two  tensile  stresses 
for  a  Terfenol“D  ribbon. 


Once  the  ribbons  are  consolidated  into  driver  rods,  similar  measurements  to  obtain  the 
magnetostrictive  displacement  were  performed.  Six  driver  rods  were  prepared,  with  an 
increasing  volume  percent  of  Terfenol-D  ribbon  in  each  subsequent  rod.  The  magnetostrictive 
displacement  for  one  such  rod  is  shown  in  Figure  5,  with  a  maximum  displacement  of  600 
microstrain.  The  maximum  displacement  measured  for  any  rod  was  800  microstrain.  The 
volume-packing  factor  for  this  sample  was  determined  to  be  28  percent.  Note  that  the  total 
magnetostrictive  displacement  for  tiiiis  sample  is  approximately  60  percent  less  than  the  value  for 
the  ribbon  shown  in  Figure  4.  This  decrease  in  magnetostrictive  performance  can  be 
predominantly  attributed  to  the  geometry  of  the  ribbons  as  the  consolidation  process  was 
performed.  The  ribbons  had  a  7°  bend  that  pivoted  aroimd  the  center  axis  of  the  rod  along  the 
length  of  the  ribbon.  Using  a  similar  angles  analysis,  the  elimination  of  this  curvature  would 
give  the  driver  rod  a  magnetostrictive  displacement  of  1250  microstrain,  which  is  very  similar  to 
the  values  obtained  for  the  bare  ribbons.  In  addition,  the  performance  of  the  ribbons  was 
compromised  by  the  formation  of  oxides  on  the  surface  of  the  ribbon,  which  formed  over  time 
and  had  significant  effects  on  the  performance  of  the  ribbons. 

SUMMARY  AND  CONCLUSIONS 

The  results  that  have  been  obtained  to  date  have  demonstrated  the  ability  to  manufacture 
continuous  ribbons  of  Terfenol-D  by  melt  spinning.  X-ray  diffraction  and  magnetostrictive 
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,  displacement  characterization  have  shown  that  the  crystallographic  orientation  in  the  ribbons  can 
be  controlled  through  the  manipulation  of  the  melt  spinning  parameters  that  affect  the  cooling 
rate  of  the  melt  spinning  process.  Magnetostrictive  displacement  measurements  indicate  that  the 
ribbons  have  a  62  percent  increase  in  displacement  when  compared  non-oriented  ribbons. 
Consolidation  of  the  ribbons  into  driver  rods  decreases  the  magnetostrictive  performance 
primarily  due  to  alignment  issues  during  consolidation.  In  addition,  the  formation  of  oxides  on 
the  surface  of  the  ribbons  was  found  to  have  a  negative  effect  on  their  magnetostrictive 
performance. 


Magnetic  Field  (Oe) 


Figure  5.  Magnetostrictive  displacement  as  a  function  of  magnetic  field  for  two  tensile  stresses 
for  a  consolidated  Terfenol-D  driver  rod. 
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ABSTRACT 

A  simple  model  is  proposed  to  relate  strain,  stress,  field  and  anisotropy  in  a  ferromagnetic 
shape  memory  alloy  (FSMA)  and  experiments  were  performed  to  test  the  validity  of  the 
model.  The  model  is  presented  as  applied  to  the  case  of  orthogonal  field  and  load  in  a  Ni- 
Mn-Ga  FSMA.  The  model  predicts  threshold-type  strain  behavior  as  field  changes  at 
constant  load  or  as  load  changes  with  constant  field.  The  measured  behavior  of  strain 
with  stress  at  constant  field  approximated  the  predictions  of  the  model.  Field-induced 
strain  remained  constant  at  about  6%  with  the  addition  of  stress  until  such  a  stress  was 
applied  that  the  mechanical  energy  overcame  the  anisotropy  of  the  sample  and  the  strain 
was  reduced  to  0.  The  model’s  predictions  of  critical  strain  behavior  with  applied  field  at 
constant  stress  were  qualitatively  accurate  at  some  stress  levels,  but  under-predicted  the 
field  necessary  to  produce  strain. 


INTRODUCTION 

Ferromagnetic  shape  memory  alloy’s  (FSMA)  are  the  object  of  increased  interest  for  their 
applications  as  active  materials.  Presently,  Ni-Mn-Ga  and  Fe-Pd  have  shown  field- 
induced  strain,  and  new  alloys  are  under  development.  The  mechanism  of  field-induced 
deformation  in  an  FSMA  is  distinct  from  magnetostriction.  In  this  deformation,  variants 
of  a  thin  plate  martensite  will  grow  or  shrink  by  motion  of  their  twin  boundaries  under 
the  influence  of  an  applied  field  causing  macroscopic  deformation.  The  structure  of  the 
martensite  is  linked  to  the  magnetic  moments  in  the  material  by  magnetocrystalline 
anisotropy.  Unlike  magnetostriction,  this  involves  little  or  no  rotation  of  the 
magnetization  from  its  preferred  crystal  direction.  Field-induced  twin  boundary  motion 
can  result  in  deformation  of  a  several  percent. 

This  effect  was  discovered  by  Ullakko,  et  al.^  who  reported  a  0.2%  reversible  strain  in  Ni- 
Mn-Ga  in  1996.  James  and  Wuttig^  improved  upon  ^s  strain  with  a  0.5%  reversible  free 
strain  in  Fe-Pd  and  later  Tickle  et  al.^  reported  1.3%  free  strain  in  Ni-Mn-Ga  with  the 
application  of  field  on  a  sample  biased  to  a  single  variant  state  by  stress-cooling.  The 
theoretical  maximum  limiting  the  achievable  strain  is  the  strain  of  rotating  the  variant 
structure  90®,  which  is  6.3%  in  Ni-Mn-Ga.  James  and  Wuttig^  and  O’Handley'^  have 
proposed  models  describing  this  effect,  and  experiments  involving  strain  under  load  have 
been  performed  by  Murray  et  al.^  and  Tickle  et  al.^  This  paper  proposes  a  model  for  the 
behavior  of  FSMA  under  a  particular  case  of  stress  and  field  that  is  generally  consistent 
with  the  model  proposed  by  James  and  Wuttig  but  it  also  accounts  for  finite 
magnetocrystalline  anisotropy.  This  theory  was  tested  with  Ni-Mn-Ga  FSMA  in  an 
apparatus  designed  for  this  task. 
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MODELING  AND  EXPERIMENT 


With  the  discovery  of  large-scale,  stable  variants  by  Murray  et  al.^,  it  was  realized  that  a 
new  model  for  the  behavior  of  FSMA  was  needed.  This  material  showed  no  noticeable 
restoring  force,  and  experiments  with  a  specimen  in  a  divergent  field  gave  rise  to  the  idea 
of  field-stabilized  variants.  The  concept  of  variant  stability  serves  as  the  basis  for  this 
model,  and  the  model  neglects  the  kinetics  of  twin  boundary  motion.  This  is  equivalent 
to  assuming  perfectly  mobile  twin  boundaries.  For  brevity,  this  model  is  illustrated  for  a 
special  case. 

For  a  magnetostrictive  material  or  an  FSMA,  the  case  where  the  magnetization  of  the 
sample  is  rotated  90®  by  an  applied  field  is  important  because  it  captures  the  maximum 
possible  field-induced  strain.  In  tetragonal  Ni-Mn-Ga,  where  the  magnetic  axis  is  the 
short  crystal  axis,  a  90°  rotation  of  the  field  could  be  accomplished  by  applying  a 
transverse  drive  field  to  a  sample  that  was  previously  biased  axially  by  an  applied  stress. 
In  this  case,  the  maximum  strains  are  achieved  when  the  possible  easy  directions  in  the 
crystal  are  aligned  with  the  applied  stress  and  field  directions.  The  axial  applied  stress 
will  tend  to  stabilize  a  variant  with  the  c-axis  in  the  axial  direction.  Subsequent 
application  of  a  transverse  magnetic  field  would  tend  to  stabilize  a  different  variant  with 
the  c-axis  in  the  transverse  direction.  A  twin  boundary  in  the  sample  can  act  to  switch  the 
piece  from  one  variant  to  the  other.  This  is  illustrated  in  Figure  1 . 


fa  ^  H  fo 


a)  b)  c) 


Figure  1.  Schematic  of  the  variants  stable  under  a)  an  axial  stress,  and  b)  a  transverse 
field,  as  well  as  c)  the  unstable,  multi-variant  case. 

Turning  the  ideas  of  applied  stress  and  field  into  variant-stabilizing  energies  will  allow  us 
to  relate  the  parameters  of  applied  stress  and  field.  The  stable  variant  will  determine  the 
strain  in  the  sample,  with  the  initial  state  defined  as  that  stable  under  load.  Therefore, 
transforming  the  variant  structure  with  an  applied  field  should  cause  a  strain  of  £b,  where 
So  is  the  axial  strain  of  transforming  the  material  to  any  different  twin  variant,  in  the  case 
of  Ni-Mn-Ga,  about  6.3%.  The  mechanical  energy  per  unit  volume  applied  by  the  stress 
is  equal  to  crso.  The  magnetic  energy  tending  to  stabilize  the  variant  with  c  in  the  axial 
direction  is  the  lesser  of  the  magnetic  interaction,  or  the  anisotropy  energy  Ku. 

Hint  must  be  used  to  account  for  the  effects  of  demagnetization,  and  including  Ku  as  the 
limit  of  magnetic  energy  recognizes  that  Ku  is  the  energy  it  takes  to  de-couple  the 
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magnetic  moment  from  the  preferred  crystal  direction.  Relating  these  two  energies,  we 
come  to  Equation  1,  which  equates  the  energies  stabilizing  the  two  variants. 

Equation  1  as  ^  =  min(Af ,  ) 


This  relation  has  only  two  variables,  cr  and  H,  so  this  relation  is  unlikely  to  be  an 
equality,  rather,  under  conditions  of  high  compressive  stress,  the  left  side  dominates  and 
we  will  see  the  sample  transform  to  the  variant  in  Figure  la.  As  the  magnetic  energy 
rises  to  become  greater  than  the  mechanical  energy,  we  will  see  the  sample  transform  to  a 
variant  like  that  seen  in  Figure  lb.  Thus,  a  threshold  behavior  is  predicted  in  both  e  vs. 
Hint  at  constant  cr,  and  s  vs.  a  at  constant  Hint.  The  critical  Hint  at  constant  a  is  defined 
by  the  model  as  //c  =  aSo/Ms,  and  likewise  the  critical  a  is  defined  as  <Tc  = 
mm(MsHi„f,KuySo.  At  these  critical  values,  we  would  expect  the  material  to  sharply 
switch  between  one  variant  and  the  other  by  motion  of  a  twin  boundary.  An  example  for 
the  predicted  strain  vs.  field  at  constant  stress  is  depicted  in  Figure  2. 


Strain 


Figure  2.  Example  of  the  predicted  strain  behavior  vs.  fleld  of  an  FSMA  under  constant 
stress. 

Experiments  were  performed  to  test  the  predictions  of  the  model.  A  single  crystal  of 
46.6wt.%Ni,  29.5Mn,  23.9Ga  crystal  was  produced  by  Dr.  Tom  Lograsso  at  the  Materials 
Preparation  Center  at  Ames  Laboratory  by  the  seedless  Brigman  technique  for  use  in 
these  experiments.  The  crystalline  orientation  of  the  boule  was  determined  by  Laue 
back-reflection  x-ray  diffraction,  and  the  boule  was  subsequently  cut  by  vertical  wire 
EDM  into  rectangular  samples  with  the  top  and  bottom  faces  parallel  to  {100}  and  the 
side  faces  parallel  to  {110}.  This  created  a  sample  that  can  be  tested  with  the  field,  load 
and  twin  planes  in  the  same  easy  orientations  as  they  are  depicted  in  Figure  1. 

A  special  apparatus  was  constructed  to  measure  strain  under  constant  stress  because  the 
locd  nature  and  large  magnitude  of  strain  in  the  crystal  made  strain  gauges  unsuitable.  A 
schematic  of  this  instrument  is  seen  in  Figure  3. 
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Weight  platform 


Figure  3.  Diagram  of  the  apparatus  used  to  determine  the  relationship  between  cand  H. 

A  mechanical  testing  machine  was  built  around  an  adjustable  gap  electromagnet  with  100 
mm  diameter  pole  pieces  capable  of  fields  up  to  800  kA/m,  The  lower  platen  is 
constructed  of  303  stainless  steel  An  aluminum  cross-head  slides  on  linear  ball  bearings 
from  above.  An  aluminum  disk  is  affixed  to  the  top  of  the  cross-head  to  serve  as  a 
platform  for  loading.  An  eddy  current  proximity  sensor  affixed  to  this  disk  determines 
the  deflection  of  the  cross  head  as  field  is  applied  to  the  sample.  The  sensor  is  located  far 
from  the  test  region  to  isolate  it  from  any  fields  from  the  electromagnet.  A  gaussmeter 
probe  measured  applied  magnetic  field. 

RESULTS 

Representative  curves  of  those  taken  by  the  experimental  apparatus  for  field-induced 
strain  under  load  are  depicted  in  Figure  4.  This  plot  shows  the  strain  in  the  sample  with 
field  for  a  variety  of  constant  loads.  The  maximum  strain  in  the  sample  was  about  6.1% 
at  0.34  MPa.  At  stresses  greater  than  1,63  MPa,  the  sample  responded  with  less  than  1% 
strain  at  800  kA/m.  The  plot  in  Figure  4  relates  strain  to  applied  field,  and  the  internal 
field  is  defined  as  ///„,  =  Hex  -  NM,  where  N  is  the  demagnetization  factor  that  is 
determined  by  the  shape  of  the  sample,  and  Mis  the  magnetization.  Hm  is  only  constant 
for  an  ellipsoid  of  revolution,  so  it  is  difficult  to  precisely  estimate  internal  field. 
Accounting  for  the  demagnetization  will  likely  increase  the  slope  of  the  strain  versus 
field,  in  closer  approximation  to  the  predicted  behavior,  but  as  the  precise  relationship 
between  strain,  load  and  magnetization  is  not  known  at  this  time,  it  is  unproductive  to 
estimate  the  demagnetization. 

The  model  considerably  imderestimates  the  values  of  the  critical  field  at  which  the 
sample  begins  to  strain.  The  model  predicts  a  critical  field  of  31  kA/m  for  0.34  MPa, 
whereas  the  sample  only  begins  to  move  at  300  kA/m.  This  likely  relates  to  the  finite 
yield  stress  of  the  material  that  must  by  overcome  in  order  for  a  twin  boundary  to  move 
or  pinning  of  the  twin  boundaries  by  defects. 
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Figure  4.  Results  of  field-induced  strain  under  stress  testing  in  Ni-Mn-Ga. 

Plotting  the  strain  in  this  sample  and  another  at  a  constant  field  of  800  kA/m  gives  the 
curve  seen  in  Figure  5.  The  theoretical  limit  in  this  case  is  from  the  anisotropy  of  the 
crystal,  not  the  magnetic  energy  input.  The  anisotropy  was  measured  in  Ni-Mn-Ga  at 
room  temperature  by  Ullakko  et  al.^  and  found  to  be  0.12  MJ/m^. 


Figure  5.  Performance  envelope  of  Ni-Mn-Ga  in  8  vs.  a.  The  theoretical  limit  due  to 
anisotropy  is  also  shown. 

This  data  tends  to  fit  the  model  very  well,  but  the  applicability  of  Ullakko’s  measurement 
of  Ku  is  questionable  as  it  was  taken  on  a  different  sample  of  slightly  different 
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composition.  Tickle  and  James^  also  measured  Ku  at  265  K  and  determined  a  value  of 
0.245  MJ/m^.  Precise  measurement  of  Ku  for  this  sample  is  necessary  to  fully  correlate 
the  model  and  the  experimental  results. 

CONCLUSIONS 

A  simple  model  is  proposed  to  relate  strain,  stress,  field  and  anisotropy  in  a  ferromagnetic 
shape  memory  alloy.  The  model  predicts  threshold-type  strain  behavior  relating  to  the 
change  in  stability  of  martensite  variants  as  parameters  change.  The  measured  behavior 
of  strain  with  stress  at  constant  field  approximates  the  predictions  of  the  model  with 
strain  remaining  constant  with  field  until  the  applied  stress  exceeds  a  critical  value  at 
which  the  mechanical  energy  overcomes  the  magnetocrystalline  anisotropy  of  the  sample. 
The  model’s  predictions  of  critical  strain  behavior  with  applied  field  at  constant  stress 
were  bom  out  qualitatively  at  some  stress  levels,  but  quantitatively  the  predicted  critical 
fields  were  far  smaller  than  those  observed.  This  discrepancy  most  likely  results  from 
some  twin  boundary  fiictional  resistance  in  the  material. 
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ABSTRACT 

This  paper  focuses  on  the  characterization  of  hysteresis  exhibited  by  piezoelectric  materi¬ 
als  at  moderate  to  high  field  levels.  For  soft  materials  in  which  dipoles  are  easily  reconfigured, 
the  hysteresis  loop  is  observed  to  be  rotationally  symmetric  about  the  zero  field,  zero  po¬ 
larization  point  and  symmetric  models  can  be  employed.  In  harder  materials,  however,  the 
loops  are  no  longer  rotationally  symmetric  which  necessitates  the  development  of  commensu¬ 
rate  characterization  techniques.  The  model  considered  here  is  based  upon  the  quantification 
of  reversible  and  irreversible  changes  in  polarization  due  to  bending  and  translation  of  do¬ 
main  walls  pinned  at  inclusions  inherent  to  the  materials.  The  performance  of  the  model  is 
illustrated  through  comparison  with  PZT4  data. 

INTRODUCTION 

An  inherent  property  of  piezoelectric  materials  is  the  presence  of  hysteresis  and  consti¬ 
tutive  nonlinearities  at  moderate  to  high  drive  levels.  In  certain'  applications,  the  degree 
of  hysteresis  can  be  minimized  by  restricting  input  field  or  stress  levels,  or  employing  cer¬ 
tain  feedback  mechanisms  [7].  However,  to  attain  the  full  capabilities  of  the  materials  in 
high  performance  applications,  it  is  necessary  to  quantify  the  hysteresis  and  nonlinearities 
in  a  manner  which  permits  both  material  characterization  and  efficient  control  design.  The 
latter  criterion  is  facilitated  by  the  development  of  models  which  can  either  be  exactly  or 
approximately  inverted  to  permit  the  construction  of  inverse  compensators  for  linear  control 
design. 

A  common  form  of  hysteresis  in  piezoelectric  materials  is  the  sigmoid  relation  between  the 
input  field  E  and  polarization  P  illustrated  in  Figure  1.  For  soft  materials  in  which  dipoles 
are  easily  reversed,  the  curves  are  observed  to  be  approximately  rotationally  symmetric 
about  the  point  =  0,  P  =  0.  For  harder  materials  which  are  initially  poled,  the  relation 
is  often  asymmetric  due  to  the  fact  that  the  preferred  orientation  induced  during  poling 
is  less  easily  modified  by  AC  fields  at  normal  operating  temperatures.  Such  a  response  is 
illustrated  in  Figure  la  with  data  from  a  poled  PZT4  wafer.  For  general  applications,  it  is 
advantageous  to  have  a  model  which  accommodates  both  the  symmetric  unpoled  response 
and  asymmetric  poled  response  through  the  characterization  of  physical  mechanisms  which 
produce  the  hysteresis.  This  is  accomplished  here  through  the  quantification  of  energy  losses 
which  occur  when  domains  reorient  and  domain  walls  move  in  response  to  an  applied  field. 
Details  regarding  the  associated  reversible  and  irreversible  domain  wall  mechanisms  can  be 
found  in  [1,  6]. 
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Various  techniques  have  been  employed  for  modeling  hysteresis  in  piezoelectric  materi¬ 
als  including  macroscopic  phenomenological  approaches  [3,  4,  15],  microscopic  energy-based 
models  at  the  lattice  or  grain  level  [8],  or  semi-macroscopic  theories  which  employ  energy 
relations  in  combination  with  macroscopic  averages  to  yield  models  having  effective  param¬ 
eters  which  characterize  the  bulk  behavior  of  the  material  [2].  The  present  model  fits  in  this 
latter  category. 

The  initial  theory  underlying  this  model  was  developed  in  [10,  11]  for  general  ferroelec¬ 
tric  materials  where  it  was  illustrated  for  PMN  at  low  temperatures.  This  theory  quantifies 
through  electrostatic  energy  relations  the  reversible  and  irreversible  effects  of  domain  wall 
bending  and  translation.  Macroscopic  averages  then  provide  a  model  having  five  parameters 
which  quantifies  the  bulk  attributes  of  the  material.  The  extension  of  this  model  to  piezo¬ 
electric  compounds  and  validation  for  PZT5A  was  provided  in  [12].  The  initial  models  and 
validation  results  accommodate  only  symmetric  hysteresis  loops. 

The  extension  of  the  model  to  accommodate  asymmetric  hysteresis  loops  of  the  type  de¬ 
picted  in  Figure  1  is  outlined  in  the  next  section  and  then  illustrated  through  a  comparison 
with  data  from  both  poled  and  depoled  PZT4  wafers.  We  note  that  the  basis  of  the  technique 
on  physical  mechanisms  yields  a  model  in  which  the  effects  of  poling  are  accommodated  by 
biases  in  the  field  and  polarization  with  the  original  five  hysteresis  parameters  remaining 
unchanged.  This  provides  the  model  with  significant  flexibility  for  both  material  characteri¬ 
zation  and  control  design  since  changes  due  to  poling  (or  depoling)  are  incorporated  through 
the  physics  rather  than  changes  in  the  model  or  hysteresis  parameters. 


MODEL  DEVELOPMENT 

The  hysteresis  between  the  electric  field  E  and  polarization  P  is  modeled  in  two  steps. 
In  the  first,  the  ideal  anhysteretic  polarization,  which  would  result  in  the  absence  of  domain 
wall  pinning,  is  quantified  by  employing  Boltzmann  statistics  to  determine  the  probability 
of  dipoles  occupying  specified  energy  states.  Hysteresis  is  then  incorporated  by  computing 
deviations  from  the  anhysteretic  state  due  the  restriction  of  domain  wall  movement  by  pin¬ 
ning  sites  in  the  material.  This  approach  is  motivated  by  analogous  theory  for  ferromagnetic 
materials  [5].  An  analogous  model  for  symmetric  hysteresis  loops  in  ferroelectric  materials  is 
summarized  in  [10,  11]  with  initial  validation  for  piezoelectric  materials  provided  in  [12,  13]. 

To  characterize  the  anhysteretic  polarization  which  would  result  in  the  absence  of  pinning 
sites,  it  is  necessary  to  consider  the  effective  field  acting  on  dipoles  in  the  material.  In  the 
original  symmetric  models,  the  effective  field  was  taken  to  be 

Ee  =  E  aP 

where  the  component  aP  quantifies  the  field  contributions  due  to  interdomain  coupling  and 
certain  stress  effects.  As  detailed  in  [10,  11],  the  parameter  o;  can  be  formulated  in  terms 
of  a  scaling  electric  field  E  and  the  saturation  polarization  Pg,  but  is  typically  estimated 
in  applications  through  a  least  squares  fit  to  data.  The  asymmetries  due  to  poling  are 
incorporated  by  noting  that  they  produce  a  bias  field  Eq  and  bias  polarization  Pq  which 
causes  the  positive  and  negative  coercive  fields  and  remanence  points  to  differ.  The  resulting 
effective  field  is  then  modeled  by 


Ee  =  {E-Eo)+a{P-Po). 


(1) 
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As  detailed  in  [10, 11],  the  balancing  of  electrostatic  and  thermal  energy  using  Boltzmann 
principles  yields  a  family  of  models  which  differ  according  to  assumptions  concerning  possible 
domain  orientations.  In  the  presence  of  a  scaling  polarization  Fi,  the  assumption  that  cells 
can  be  oriented  in  any  direction  yields  the  Langevin  model 


Pan  —  Pi  P  Pa 


a 

'Ee. 


(2) 


while  the  assumption  that  dipoles  can  orient  only  in  the  direction  of  the  field,  or  opposite 
to  it,  yields  the  Ising  spin  model 


Pan  =  Fi  +  P^tanh 


(3) 


In  both  cases,  Ps  denotes  the  saturation  polarization  while  a  is  a  parameter  which  is  estimated 
through  a  least  squares  fit  to  data.  Details  regarding  the  behavior  of  these  two  models  can 
be  found  in  [10,  11]. 

Hysteresis  is  incorporated  by  computing  the  irreversible  polarization  Pirr  and  reversible 
polarization  Prev  resulting  from  the  translation  and  bending  of  domain  walls  pinned  at  in¬ 
clusions  in  the  material.  The  quantification  of  energy  required  to  break  pinning  sites  yields 
the  differential  equation 

dPjrr  _  T _ Pgn  Pjrr _  / 

~dF~  k6- a  {Pan  -Pirr)  ^  ^ 

specifying  the  irreversible  polarization.  The  parameter  6  =  sign(dP)  ensures  that  the  energy 
required  to  break  pinning  sites  always  opposes  changes  in  polarization  while  ^  =  1  if  {dE  > 
0  and  P  <  Pan}  or  {dP  <  0  and  P  >  Pan}  and  d  =  0,  otherwise.  The  parameter  fc,  which 
quantifies  the  average  energy  required  to  reorient  domains,  is  demonstrated  in  [13]  to  be 
asymptotically  approximated  by  the  coercive  field  Ec  in  soft  materials. 

The  second  component  of  the  polarization  is  the  reversible  polarization  which  models  the 
effects  of  domain  wall  bending.  To  first  approximation,  this  is  modeled  by  the  relation 


P rev  —  (^{Pan  Pir 


(5) 


where  c  is  a  parameter  which  must  be  estimated  for  the  specific  application. 
The  total  polarization  is  then  given  by 

P  =  Prev  +  Pirr  ■ 


(6) 


To  implement  the  model,  the  effective  field  for  a  given  field  and  irreversible  polarization 
level  is  computed  using  (1).  This  effective  field  value  is  then  employed  in  either  (2)  or 
(3)  to  compute  the  corresponding  anhysteretic  polarization.  The  subsequent  irreversible 
polarization  is  determined  by  numerically  integrating  (4).  The  total  polarization  is  then 
specified  by  (6). 


MODEL  VALIDATION 

The  polarization  model  (6)  provides  the  capability  for  characterizing  hysteresis  loops 
which  are  either  symmetric  or  asymmetric  functions  of  the  input  field.  To  illustrate  the 
performance  of  the  model,  we  consider  the  characterization  of  both  poled  and  unpoled  PZT4 
wafers.  The  reported  results  were  obtained  from  a  rectangular  wafer  having  a  length  of 
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3.81  cm,  width  of  0.635  cm  and  thickness  of  0.0381  cm.  The  wafer  was  initially  poled  in  the 
transverse  direction. 

Input  voltages  ranging  from  600  V  to  2200  V  were  applied  to  the  wafer  under  thermally 
controlled  conditions  and  the  resulting  polarization  levels  were  measured.  To  minimize  fre¬ 
quency  effects,  the  input  frequencies  were  limited  to  200  mHz  and  1  Hz.  While  some  fre¬ 
quency  dependence  was  noted  at  1  Hz,  it  appears  to  be  manifested  primarily  in  the  field 
attained  in  the  material,  and  the  model  performed  adequately  when  the  field  measured  in  the 
material  was  employed  as  input.  We  note  that  under  quasistatic  conditions,  the  field  gener¬ 
ated  in  the  material  by  an  input  voltage  V  can  be  approximated  by  the  relation  E  =  V/d 
where  d  =  0.0381  cm  is  the  thickness  of  the  wafer.  The  validity  of  this  relation  degrades, 
however,  as  frequency  effects  are  manifested. 

Initial  data  sets  were  collected  at  1  Hz  under  the  biased,  and  hence  asymmetric,  conditions 
attributed  to  poling.  The  model  parameters  were  estimated  through  a  least  squares  fit  to 
the  2200  V  input  data  which  yielded  the  values  a  =  6.4  x  10®  Vm/C,  a  =  8.0  x  10®  C/m^, 
A:  =  1.5  X  10®  C/m2,  c  =  0.5,  P,  =  .44  C/m^  and  Eq  =  -4.0  x  10®  V/m,  Pq  =  .01  C/m^, 
Pi  =  0.  The  model,  with  these  parameter  values,  was  then  used  to  predict  the  hysteresis 
curves  for  the  material  using  the  measured  field  values  corresponding  to  1000  V,  1400  V  and 
1800  V  inputs.  The  resulting  model  predictions  are  compared  with  the  measured  data  in 
Figure  la.  It  is  observed  that  while  the  model  over-predicts  the  maximum  polarization  for 
the  1000  V  input,  it  characterizes  the  asymmetry  and  accurately  predicts  the  hysteresis  at 
the  intermediate  drive  levels. 

The  wafer  was  then  partially  depoled  by  subjecting  it  to  a  sustained  high  voltage  under 
thermally  controlled  conditions  so  that  subsequent  data  was,  at  least  approximately,  rota- 
tionally  symmetric  about  P  =  0,  P  =  0  as  illustrated  in  Figure  lb.  The  model  with  the 
same  hysteresis  parameters  a,  k,  c,  a,  Pg  estimated  from  the  poled  1  Hz,  2200  V  input  data, 
was  then  used  with  the  bias  values  Pq  =  =  Pi  =  0  to  predict  the  hysteresis  in  the  depoled 

wafer  at  various  input  levels.  The  data  and  model  behavior  for  the  1000  V  and  1800  V  in¬ 
puts  can  be  compared  with  those  in  Figure  la,  and  the  lower  voltage  behavior  is  included  to 
further  illustrate  the  flexibility  of  the  model.  We  note  that  while  the  model  fits  in  Figure  lb 
can  be  improved  if  parameters  are  refined,  the  accuracy  attained  using  parameters  estimated 
under  different  operating  conditions  attests  to  the  flexibility  provided  by  the  incorporation 
of  associated  physics  in  the  model. 

CONCLUDING  REMARKS 

This  paper  outlines  extensions  to  a  domain  wall  model  for  piezoelectric  materials  to  ac¬ 
commodate  asymmetries  due  to  poling.  This  modeling  strategy  is  based  on  the  quantification 
of  reversible  and  irreversible  polarization  changes  due  to  domain  wall  pinning  at  inclusions 
inherent  to  the  materials.  The  resulting  model  has  five  hysteresis  parameters  and  three  field 
and  polarization  parameters  to  incorporate  biases  due  to  poling. 

The  performance  of  the  model  was  illustrated  through  a  comparison  with  asymmetric 
and  symmetric  PZT4  data  collected  at  several  drive  levels.  The  model  parameters  were 
estimated  through  a  least  squares  fit  to  data  collected  from  the  poled  wafer  at  a  high  drive 
level  and  the  ensuing  model  was  used  to  predict  both  asymmetric  and  symmetric  hysteresis 
at  several  drive  levels.  As  illustrated  by  the  model  fits,  the  formulation  of  the  model  based 
on  energy  principles  provides  it  with  the  capability  for  accurately  predicting  the  quasistatic 
hysteresis  curves  under  varied  poling  and  drive  conditions. 
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(a)  Poled  Wafer:  Field  E  versus  Polarization  P 

600  V  1000  V 


-5  0  5  -5  0  5 

(b)  Depoled  Wafer:  Field  E  versus  Polarization  P 

Figure  1.  Model  fit  to  asymmetric  and  symmetric  PZT4  data  with  parameters  estimated 

from  poled  1  Hz,  2200  V  input  data;  Model  ( - ),  Data  ( - ).  (a)  Fit  to  1  Hz  data  for 

the  poled  wafer  with  Eq  =  -4.0  x  10^,  Po  =  -01,  Pi  =  0.  (b)  Fit  to  200  mHz  data  for  the 
depoled  wafer  with  Eq  =  Pq  =  Pi  =  0. 


Finally,  the  ODE  nature  of  the  model  makes  it  amenable  to  inversion  through  the  con¬ 
sideration  of  a  complementary  ODE  in  a  manner  analogous  to  that  described  in  [9].  This 
facilitates  the  construction  of  an  inverse  compensator  which  can  be  used  for  linear  control 
design  [14]. 
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ABSTRACT 

A  mechanism  for  shape  memory  alloys  driven  by  a  magnetic  field  is  proposed.  The  mechanism 
involves  the  motion  of  twin  dislocations  in  response  to  the  application  of  a  magnetic  field.  As  a 
consequence,  twin  variants  oriented  favorably  with  respect  to  the  magnetic  field  direction  will 
grow.  The  maximum  pressure  that  can  be  exerted  at  the  twin  dislocations  is  when  the  magnetic 

field  is  at  angle  The  shape  memory  effect  is  significantly  affected  by  the  presence  of 

impurities,  second-phase  particles  and  grain  boundaries. 

INTRODUCTION 

The  new  generation  of  shape  memory  alloys  which  are  driven  by  a  magnetic  field  are  likely  to 
become  relevant  in  the  development  of  fast  actuators  [1,2].  This  is  due  to  the  fact  that  magnetic 
control  provides  higher  operating  frequencies  than  traditional  shape  memory  alloys,  which 
respond  to  thermal  control.  However,  magnetically  driven  shape  memory  alloys  have  exhibited 
in  the  past  low  recoverable  strains  [3,4],  and  thus  a  significant  research  effort  was  directed  into 
enhancing  the  strains  achieved.  Recently,  O’Handley  and  co-workers  [5]  found  in  a  Ni2MnGa 
single  crystal  a  recoverable  10%  shear  strain,  which  is  comparable  to  the  strains  achieved  in 
traditional  shape  memory  alloys.  Despite  these  successful  results,  the  intermetallic  Ni2MnGa  has 
some  disadvantages,  namely  this  compound  requires  a  difficult  method  for  processing  and  the 
compound  has  poor  toughness  properties.  Hence,  in  order  to  overcome  these  difficulties 
additional  alloys  are  currently  being  investigated,  particularly  some  Fe-based  alloys. 

In  general,  the  exact  mechanism  by  which  the  magnetic  field  induces  the  shape  memory  effect  is 
not  known  but  it  is  believed  that  certain  twin  variants  reorient  into  a  particular  direction  when  a 
magnetic  field  is  applied  [1, 2,4,6].  The  reorientation  of  the  twin  variants  involves  the  motion  of 
twin  boundaries  and  consequently  the  motion  of  twin  dislocations.  Hence,  the  underlying 
mechanism  responsible  for  the  magnetically  driven  shape  memory  effect  is  intimately  related  to 
the  influence  of  an  applied  magnetic  field  on  the  motion  of  twin  dislocations.  In  this  paper,  we 
present  some  of  the  formalism  necessary  to  determine  the  conditions  by  which  the  application  of 
a  magnetic  field  can  be  sufficient  in  inducing  twin  dislocation  motion.  The  procedure  used  here 
is  a  general  one  and  thus  can  be  used  in  any  crystal  system  provided  the  magnetocrystalline 
anisotropy  of  the  martensite  phase  is  high  [7]. 

THE  MAGNETIC  DRIVING  FORCE 

A  possible  route  by  which  rearrangement  of  twin  variants  can  be  induced  is  by  the  application  of 
an  external  magnetic  field.  The  mechanism  involves  reorientation  of  certain  twin  variants 
relative  to  the  direction  of  the  magnetic  field  (Fig  1).  If  two  adjacent  variants  have  their  easy  axis 
of  magnetization  oriented  at  different  angles  with  respect  to  the  applied  magnetic  field,  an  extra 

291 

Mat.  Res.  Soc.  Symp.  Proc.  Vol.  604  ©  2000  Materials  Research  Society 


driving  force  for  the  translation  of  the  twin  plane  will  arise.  Assuming  that  the  nucleation  of 
dislocations  has  already  occurred,  a  magnetic  pressure  will  be  exerted  at  the  partial  dislocations. 
Ultimately,  if  the  magnetic  field  is  strong  enough,  all  the  martensite  plates  will  consist  of  one 
single  twin  variant. 

As  a  first  approximation  let  us  assume  that  the  magnetocrystalline  anisotropy  of  the  martensitic 
phase  is  high,  such  that  when  a  magnetic  field  is  applied,  the  magnetization  vector  remains 
aligned  with  the  easy  axis  of  magnetization.  In  this  case,  the  motion  of  a  dislocation  is  a  function 
of  the  Zeeman  energy  difference  between  the  two  variants  (ABH)  where  AB  is  the  difference  in 
magnetic  flux  density  between  the  two  variants  and  H  is  the  external  magnetic  field.  In  two 
dimensions  we  may  write  the  Zeeman  free  energy  density  difference  as  [7] 

ZE  =  -ABH  =  -/JqM^h{cos  6  -  cos(^  +  ^))  (1) 

where  po  is  the  permeability  of  vacuum,  Ms  is  the  saturation  magnetization,  0  is  the  angle 
between  the  direction  of  magnetization  of  variant  1  and  the  magnetic  field  and  (j)  is  the  angle 
between  the  two  variants  (Fig.l). 

Let  us  consider  the  force  F  per  unit  length  L  acting  on  a  dislocation  as  a  result  of  an  applied 
magnetic  field,  given  by  [8] 

j  =  (2) 

where  d  is  the  interplanar  spacing  and  the  other  symbols  have  the  same  meaning  as  before. 
Inserting  equation  (1)  into  equation  (2)  gives 

F 

—  =  -dFQMsH{cos6-cos{6  +  ^))  (3) 

L 

which  describes  the  force  per  unit  length  acting  on  a  twin  dislocation  as  a  function  of  the  strength 
and  orientation  of  the  magnetic  field  and  orientation  between  the  twin  variants. 


Fig.l;  Twin  thickening  and  translation  of  the  twin  plane  by  the  successive  motion  of  partial 
dislocations.  In  this  case,  the  twin  variant  of  magnetization  Ml  is  in  a  favorable  orientation  to  the 
external  magnetic  field  H  and  thus  will  grow. 
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PINNING  EFFECTS 


Despite  the  magnetic  driving  force  for  dislocation  motion,  the  presence  of  impurities  may  cause 
pinning  of  partial  dislocations,  therefore  inhibiting  their  free  motion  and  consequently  the 
attainment  of  equilibrium.  The  increase  in  energy  of  the  system  per  unit  length  of  dislocation, 
Wi(x)/L,  due  to  the  interaction  between  a  screw  dislocation  and  a  tetragonal  distortion  imposed 
by  the  solute,  can  be  written  in  the  form  [9] 

Ar,  1  p{4ey-j2x] 

L  (O  x^+y^ 

where  y?  =  (0.406Q//6)  /  6;r ,  ©  is  the  distance  between  consecutive  point  defects  along  the 
dislocation  line,  Q  is  the  atomic  volume  of  the  impurity,  (x,y)  are  the  planar  coordinates  of  the 
solute  with  respect  to  the  dislocation,  and  the  other  symbols  have  the  same  meaning  as  before. 
The  term  1/©  represents  the  solute  distribution  at  the  dislocation  core,  which  can  be  written  as 
c/L,  the  impurity  concentration  per  unit  length. 

The  force  due  to  the  concentration  of  defects,  c/L  can  be  given  by  /}//-  =  -{dAW{x)  /  Z,)/  dx  and  the 
pinning  stress  by  crs=-  (-F,  /  Z,)/  6 .  Assuming,  as  an  example,  carbon  to  be  responsible  for  the 
pinning,  the  pinning  stress  can  be  calculated  assuming  the  value  Q  s  |47r(z>  /  2)^  J/ 3  and  y=b.  The 
Burgers  vector  and  shear  modulus  for  a  Fe-based  alloy  will  have  the  values  b=a/6<lll>  = 
8.3xl0*”m  and  p=7.5xl0'‘  MPa  [10].  In  Figure  2,  the  stress  due  to  carbon  pinning  for  different 
values  of  ©  can  be  depicted.  It  is  evident  that  the  attractive  force  caused  by  the  solute  atoms  is 
highly  localized  and  confined  to  a  few  A  from  the  dislocation  core.  Since  the  magnitude  of  the 
pinning  stress  is  considerably  higher  than  the  magnetic  field  stress,  there  will  be  cases  where  the 
pinning  stress  will  remain  as  a  barrier  to  dislocation  motion.  If  we  assume  a  density  of 
dislocations  p=10^  cm’^,  which  is  typical  in  soft  annealed  iron,  and  a  distribution  of  carbon  atoms 
along  the  dislocation  line  of  20b,  a  carbon  concentration  of  3x10'^  is  sufficient  to  produce  a 
pinning  stress  of  100  MPa  at  the  dislocations. 


Fig.2;  Pinning  stress  as  a  function  of  the  normalized  distance  x^  from  the  dislocation  core  for 
atmospheres  where  c/L=l/4b,  1/lOb  and  l/20b  [11]. 
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This  aspect  is  crucial  in  the  design  of  new  alloys,  in  particular  Fe  alloys  for  which  additions  of 
carbon  and  nitrogen  are  intentionally  done  in  order  to  promote  the  appearance  of  thin-plate 
martensite.  However,  once  the  martensite  is  formed,  the  motion  of  twin  dislocations  will  be 
inhibited  by  the  presence  of  these  interstitial  atoms  and  thus  the  shape  memory  effect  may  be 
hindered. 

THE  APPLIED  STRESS 

In  the  cases  where  the  magnetic  driving  force  is  not  sufficient  to  induce  dislocation  motion,  a 
stress  may  be  applied  to  the  material.  In  this  fashion,  the  force  exerted  at  the  partial  dislocations 
is  given  by 


—  =  {cos  9  -  cqs{6  +  ^))  +  ob  (5) 

L 

where  a  is  the  resolved  shear  stress  in  the  glide  plane  and  b  is  the  Burgers  vector.  Hence,  large 
applied  stresses  may  become  sufficient  to  overcome  the  pinning  stresses  and  cause  dislocation 
motion. 

One  other  aspect  which  is  worth  discussing  is  the  order  in  which  the  magnetic  field  and  the  stress 
are  applied.  If  we  first  assume  that  the  mechanism  for  the  shape  memory  effect  is  solely  related 
to  the  motion  of  twin  dislocations,  the  order  in  which  we  introduce  the  magnetic  force  or  the 
applied  stress  is  not  significant.  On  the  other  hand,  if  the  mechanism  involves  the  nucleation  of 
partial  dislocations,  the  sequence  in  which  the  magnetic  field  and  applied  stress  are  applied  is  of 
significant  importance.  The  reason  for  this  is  due  to  the  energy  available  for  the  nucleation  of 
partial  dislocations. 

In  order  to  better  understand  this  phenomena,  let  us  discuss  the  homogeneous  nucleation  of  an 
embryo  partial  dislocation  loop,  such  that  no  additional  twin  boundary  is  formed.  In  this  case,  the 
change  in  energy  on  forming  an  embryo  partial  dislocation  loop  can  be  represented  by  [12] 

A  If  =  i  ijb^R\[n{R  /  r)]  ~  KobR  ^  ( 6 ) 

where  R  is  the  radius  of  the  loop  and  r  is  the  cut-off  parameter  for  the  dislocation  core.  The 
condition  for  the  critical  sized  loop  can  be  obtained  by  maximizing  equation,  5AW/0R=O.  This 
gives 


R^={jjbl  AKO-^n{R^  /  r)  - 1]  ( 7 ) 

and 

^W^  =  (^lb^RJ^)^4RJr)-\]  (8) 


Assuming  AWc=80  kT  [12],  the  stress  required  to  nucleate  homogieneously  a  partial  dislocation 
loop  of  size  Rc  is  above  500  MPa.  This  means  that  a  very  large  stress  is  needed  to  nucleate  a 
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partial  dislocation  loop  homogeneously.  Thus,  nucleation  will  tend  to  occur  in  regions  of  stress 
concentrations  or  singular  surfaces.  In  other  words,  the  magnetic  driving  force  available  for 
reasonable  magnetic  fields  is  not  sufficient  to  induce  nucleation  of  dislocations.  On  the  other 
hand,  an  applied  stress  may  raise  locally  the  stress  level  so  that  nucleation  of  dislocations  may 
occur.  As  a  consequence,  the  strains  achieved  by  the  sequential  application  of  these  two 
processes  should  be  more  efficient  when  an  external  stress  is  first  applied,  causing  dislocation 
nucleation,  followed  by  the  application  of  a  magnetic  field,  which  enables  dislocation  glide. 

PROCESSING  CONDITIONS 

The  attainment  of  large  strains  is  intimately  related  with  the  microstructure  of  the  material  which 
depends  to  a  great  extent  on  the  processing  conditions  used.  Single  crystals,  for  example,  exhibit 
much  larger  strains  than  polycrystalline  materials,  mainly  because  in  polycrystals  grain 
boundaries  constitute  a  barrier  to  dislocation  motion  and  the  resolved  shear  stress  and  the  applied 
magnetic  field  depend  on  grain  orientation.  As  a  result  it  is  crucial  to  achieve  a  high  degree  of 
texture  in  these  materials  during  processing,  such  that  larger  strains  can  be  obtained.  Thus, 
thermo-magnetic  and  thermo-mechanical  treatments  can  be  used  to  produce  highly  textured 
materials  with  superior  shape  memory  properties. 

One  second  aspect  deals  with  the  use  of  high-velocity  deformation.  In  high-velocity  processes 
the  entire  deformation  may  occur  in  the  order  of  microseconds,  with  strain  rates  achieving  about 
10^  s'\  This  regime  of  strain  rates  in  conjunction  with  controlled  parameters,  such  as  peak 
pressure,  peak  duration,  maximum  strain,  and  pre-deformation  may  produce  unique  structural 
properties.  In  general,  materials  deformed  at  high  velocities  exhibit  extremely  high  ductility 
(100%  elongation  was  observed  without  failure  in  iron,  copper  and  aluminum  sheets)  [13],  and  a 
higher  tendency  for  deformation  twinning  to  substitute  for  slip  [14].  The  amount  of  twinning 
produced  is  a  fonction  of  the  peak  pressure,  peak  duration  and  the  stacking-fault  energy  of  the 
material.  Hence,  high-velocity  deformation  can  be  used  to  produce  twin  dislocations  necessary 
for  achieving  large  shape  memory  effects.  This  should  be  particularly  useful  in  Fe-based  alloys 
for  which  the  fraction  of  thin  plate  martensite  could  be  enhanced  without  the  need  of  adding 
interstitial  carbon,  which  is  detrimental  to  the  motion  of  partial  dislocations. 

DISCUSSION 

The  present  work  supports  earlier  suggestions  that  the  application  of  a  magnetic  field  can  induce 
reorientation  of  the  twin  variants  in  the  martensite  phase  by  the  motion  of  twin  dislocations.  This 
depends  on  the  strength  and  orientation  of  the  magnetic  field,  relative  orientation  between  the 
twin  variants,  applied  stress,  and  the  friction  stresses  imposed  on  the  dislocations.  As  already 
discussed  by  O’Handley  [7]  a  careful  examination  of  equation  (3)  shows  that  the  maximum 
pressure  that  can  be  exerted  at  the  twin  dislocation  is  when  the  magnetic  field  is  at  the  angle 


As  a  first  approximation,  we  may  assume  that  the  stress  necessary  to  induce  twin  dislocation 
motion  has  to  be  greater  than  the  Peierls  stress  at  a  particular  temperature.  In  this  respect,  ordered 
alloys  having  larger  dislocations  widths  exhibit  lower  Peierls  stresses  and  thus  are  more  prone  to 
react  better  to  an  applied  magnetic  field.  In  addition,  as  the  temperature  is  increased  atomic 
vibrations  enhance  the  mobility  of  dislocations  and  hence  reduce  the  flow  stress. 
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Since  the  mechanism  for  the  magnetically  induced  shape  memory  effect  involves  the  motion  of 
twin  dislocations,  any  disturbance  in  the  behavior  of  dislocations  will  have  significant 
repercussions  on  the  properties  of  the  alloy.  Hence,  the  presence  of  dislocation  atmospheres, 
second-phase  particles  and  grain  boundaries  have  a  profound  influence  on  the  ability  of  the  alloy 
to  respond  to  an  applied  magnetic  field. 

In  addition,  unless  the  directions  of  an  applied  magnetic  field  and  an  applied  stress  are  carefully 
oriented  during  the  simultaneous  application  of  both  driving  forces,  the  overall  shape  memory 
effect  may  not  reach  optimal. 

SUMMARY 

The  application  of  a  magnetic  field  in  certain  directions  with  respect  to  the  twin  magnetization 
vector  and  the  relative  orientation  between  the  twin  variants  in  alloys  containing  twinned 
martensite  plates  can  impose,  at  the  twin  dislocations,  significant  values  of  stress.  However,  in 
the  cases  where  strong  dislocation  pinning  occurs,  or  where  grains  boundaries  act  as  barriers  to 
dislocation  motion,  the  influence  of  the  magnetic  field  on  the  shape  memory  effect  can  be 
substantially  diminished. 
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ABSTRACT 

In  this  paper,  molecular  beam  epitaxial  growth  of  NiaMnGa  single  crystal  layers  on  GaAs 
(001)  using  a  NiGa  interlayer  is  reported.  X-ray  diffraction  and  transmission  electron  microscopy 
confirmed  an  epitaxial  relationship  of  Ni2MnGa  [1(X)][0101  //  GaAs  [1(X)][010]  and  a  tetragonal 
structure  of  the  film  (a  =  =  5.79  A,  c  =  6.07  A).  Magnetic  measurements  using  vibrating 

sample  and  superconducting  quantum  interference  device  magnetometers  revealed  an  in-plane 
magnetization  of  -200  emu/cm^  at  room  temperature  and  a  Curie  temperature  of  -350  K.  The 
martensitic  phase  transformation  was  observed  to  occur  at  -250  K. 

INTRODUCTION 

The  Heusler  alloy  Ni2MnGa  is  ferromagnetic  and  undergoes  martensitic  phase 
transformation.  For  a  stoichiometric  compound,  the  Curie  temperature  is  -376  K  and  the 
martensitic  phase  transformation  occurs  at  -200  K.  The  martensitic  transformation  involves  the 
transformation  from  a  high  symmetry  L2i  cubic  structure  into  a  low  symmetry  tetragonal 
structure  [1].  The  phase  transformation  is  thermodynamically  reversible,  making  Ni2MnGa  a 
shape  memory  material.  Although  both  phases  are  ferromagnetic  below  the  Curie  temperature, 
the  cubic  phase  shows  weak  magnetic  anisotropy,  while  the  tetragonal  phase  shows  strong 
magnetic  anisotropy.  James  and  Wuttig  [2]  proposed  to  use  a  magnetic  field  to  either  rearrange 
the  twinning  structures  of  the  martensite  or  to  directly  induce  the  martensitic  transformation.  In 
both  cases,  reversible  strain  is  generated  in  the  material.  This  novel  mechanism  is  called  the 
ferromagnetic  shape  memory  effect  [2].  The  first  approach  has  been  used  to  demonstrate 
reversible  magnetostriction  as  large  as  4.3%  in  bulk  single  crystals  [3].  A  frequency  of  response 
as  high  as  5000Hz  has  been  realized  in  this  material  [4].  These  properties  make  Ni2MnGa  a 
promising  candidate  for  magnetic  field  driven  actuator  materials.  Although  previous  research  has 
been  focused  on  bulk  materials,  thin  film  materials  are  more  compatible  with  the 
microelectromechanical  systems  (MEMS). 

Recently,  we  demonstrated  the  first  single  crystal  growth  of  a  Ni2MnGa  thin  film  on  a 
GaAs  substrate  by  molecular  beam  epitaxy  (MBE)  [5].  The  Ni2MnGa  layer  was  grown 
pseudomorphically  on  GaAs  ((X)l)  using  a  6-monolayer-thick  Sco.3Ero.7As  interlayer.  Structural 
characterization  verified  a  single  crystal  tetragonal  phase  with  lattice  constants  ofa-b  =  5.65  A, 
c  =  6.12  A  and  magnetic  measurements  revealed  an  in-plane  magnetization  and  a  Curie 
temperature  of  -320  K. 

The  crystal  structure  of  NiGa  and  Ni2MnGa  are  closely  related.  Since  NiGa  can  be  grown 
epitaxially  and  is  thermodynamically  stable  on  GaAs  [6],  NiGa  would  act  as  a  good  interlayer 
and  template  for  the  growth  of  Ni2MnGa  on  GaAs.  During  the  MBE  growth  of 
Ni2MnGa/NiGa/GaAs  structures,  in-situ  reflection  high  energy  electron  diffraction  (RHEED) 
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was  used  to  monitor  the  orientations  and  quality  of  the  films.  X-ray  diffraction  (XRD)  and 
transmission  electron  microscopy  (TEM)  were  performed  on  the  resulting  thin  films.  The 
magnetic  properties  of  the  film  were  characterized  using  a  vibrating  sample  magnetometer 
(VSM)  and  a  superconducting  quantum  interference  device  magnetometer  (SQUID).  TEM  and 
SQUID  measurements  were  used  to  study  the  martensitic  phase  transformation. 

EXPERIMENT 

Semi-insulating  (001)  GaAs  substrates  were  mounted  on  molybdenum  sample  holders 
using  indium  and  loaded  into  a  modified  VG  V80H  MBE  system.  After  the  native  oxide  was 
desorbed  at  -SSS^C,  a  0.5  pm  thick  GaAs  buffer  layer  was  grown  at  the  same  temperature.  The 
as-grown  structures  were  cooled  for  10  hrs  with  the  sample  facing  a  liquid  nitrogen  cooled 
cryopanel  and  a  chamber  pressure  <  5  x  10  mbar.  An  arsenic  protective  cap  was  then  grown  on 
the  sample  surface  using  an  AS4  flux  prior  to  removal  from  the  MBE  system.  The  samples  were 
remounted  on  different  molybdenum  sample  holders  and  loaded  into  a  RIBER-1000  MBE 
system,  which  is  dedicated  to  growing  Mn-based  metallic  compounds.  After  the  As-cap  was 
desorbed  at  ~300°C,  the  sample  was  cooled  to  180®C  to  initiate  the  NiGa  growth.  To  promote 
(001)  growth  of  NiGa,  four  alternate  monolayers  (ML’s)  of  Ni  and  Ga  were  deposited  first. 
Subsequent  co-deposition  of  Ni  and  Ga  resulted  in  the  growth  of  a  45  A-thick  NiGa  layer.  After 
annealing  the  sample  at  SOO^C  for  10  min,  five  alternate  ML’s  of  Ni  and  Mn+Ga  were  deposited 
to  enhance  the  nucleation  of  Ni2MnGa  growth  [5].  Co-deposition  of  Ni2MnGa  was  then 
performed  at  the  same  temperature  with  a  growth  rate  of  0.09  pm/hr,  which  resulted  in  the 
growth  of  a  450  A-thick  Ni2MnGa  film. 

The  sample  was  further  characterized  by  XRD  using  a  SIEMENS  D5p05  diffractometer. 
Both  plan  and  cross-sectional  view  TEM  samples  were  prepared  and  analyzed  with  a  Philips 
CM30  TEM.  Magnetic  measurements  were  made  using  a  MicroMag  VSM  and  a  Quantum 
Design  MPMS-5L  SQUID.  Hysteresis  loops  and  magnetization  versus  temperature  curves  were 
measured  for  the  film. 

RESULTS 

After  the  sample  was  removed  from  the  MBE  system,  a  0-20  XRD  scan  of  the 
Ni2MnGa/NiGa/GaAs  structure  was  performed  using  Cu  Ka  radiation.  The  data  are  shown  in 
Fig.  1(a).  Strong  and  sharp  (002)  and  (004)  diffraction  peaks  from  the  Ni2MnGa  thin  film  are 
clearly  evident  in  addition  to  the  (002)  and  (004)  GaAs  substrate  peaks.  This  verifies  the  (001) 
Ni2MnGa  //  (001)  GaAs  epitaxial  orientation,  which  is  consistent  with  the  in-situ  RHEED  data. 
Using  the  lattice  constant  of  GaAs  as  a  reference,  the  out-of-plane  lattice  constant  of  Ni2MnGa 
was  found  to  be  6.07  A. 

A  cross-sectional  TEM  sample  was  prepared  and  analyzed  using  convergent  beam 
electron  diffraction  (CBED).  The  electron  beam  was  incident  along  the  [  110  ]  zone  axis  and  was 
focused  on  only  the  Ni2MnGa  film  (spot  size  -120  A).  The  CBED  pattern  (Fig.  1(b))  shows  the 
single  crystal  structure  of  the  film.  Diffraction  patterns  including  both  the  Ni2MnGa  layer  and 
the  GaAs  substrate  showed  the  film  was  grown  in  an  epitaxial  orientation  with  Ni2MnGa 
[100][010]//GaAs  [100][010].  By  using  the  out-of-plane  lattice  constant  determined  from  XRD 
as  a  reference,  the  in-plane  lattice  constant  of  the  Ni2MnGa  film  was  determined  to  be  5.79  A 
from  the  CBED  pattern.  Since  the  critical  thickness  of  NiGa  is  <  30  A  due  to  the  2%  lattice 
mismatch  to  GaAs  [7],  the  45  A-thick  NiGa  layer  is  expected  to  be  relaxed  with  a  lattice  constant 
close  to  its  bulk  value  (2.89  A).  The  in-plane  lattice  constant  of  Ni2MnGa  is  consistent  with  the 
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pseudomorphic  growth  on  the  relaxed  NiGa  interlayer  with  a  one  to  two  coincident  lattice.  Since 
this  Ni2MnGa  phase  {a  =  b  =  5.79  A,  c  =  6.07  A)  has  not  been  reported  from  any  bulk 
measurements,  we  propose  that  it  is  an  epitaxially  stabilized  intermediate  phase  of  Ni2MnGa. 
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Fig.  1  Stmctural  characterization  of  the  450  A-thick  Ni2MnGa  film  on  (001)  GaAs.  (a)  X-ray  diffraction 
0-20  scan  using  Cu  Ka  radiation,  (b)  Cross-sectional  view  TEM  convergent  beam  electron  diffraction 
pattern  with  electron  beam  parallel  to  [110]  zone  axis.  The  spot  size  of  the  electron  beam  is  120  A. 

Fig.  2(a)  shows  the  in-plane  VSM  measurements  for  the  450  A-thick  epitaxial 
Ni2MnGa/NiGa/GaAs  sample  at  room  temperature.  The  relative  magnetization  (M/Ms)  versus 
applied  field  curve  shows  a  hysteresis  loop  with  a  coercivity  of  145  Oe.  The  saturation 
magnetization  would  be  -200  emu/cm^  if  normalized  to  the  sample  volume. 


Fig.  2  Magnetic  measurements  for  the  450  A-thick  Ni2MnGa  film  on  (001)  GaAs.  (a)  Results  from  VSM 
measurements  of  in-plane  relative  magnetization  versus  magnetic  field  at  room  temperature,  (b)  Results 
from  SQUID  measurements  of  the  temperature  dependence  of  in-plane  magnetization. 

Fig,  2(b)  shows  the  temperature  dependence  of  the  in-plane  magnetization  of  the  epitaxial 
Ni2MnGa  film  obtained  with  a  SQUID  magnetometer.  The  sample  was  first  cooled  down  to 
10  K  and  then  warmed  while  a  constant  field  of  1000  Oe  was  applied  parallel  to  the  sample 
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surface.  The  data  from  the  cooling  and  wanning  cycles  coincide  with  each  other.  The  data 
indicate  the  Curie  temperature  Tc  is  ~350K,  which  is  lower  than  that  reported  for  the  bulk 
stoichiometric  cubic  Ni2MnGa  L2i  phase  (-376  K).  This  might  be  due  to  the  difference  in 
crystal  structures,  strain,  or  off  stoichiometry  (Rutherford  Backscattering  Spectrometry 
measurements  show  the  sample  to  be  slightly  Ga  rich). 

A  plan-view  TEM  sample  was  used  to  study  the  martensitic  phase  transformation  in  the 
Ni2MnGa  thin  film.  The  results  are  shown  in  Fig.  3.  Figure  3(a)  is  the  bright  field  (BF)  image  of 
the  sample  before  cooling.  From  this  image,  no  dislocations  or  grain  boundaries  are  visible.  The 
contrast  may  be  due  to  ion  milling  damage  or  to  a  surface  scratch  formed  during  sample 
preparation.  The  selected  area  diffraction  (SAD)  pattern  shown  in  the  insert  of  Fig.  3(a)  was 
obtained  with  the  electron  beam  parallel  to  the  [001]  zone  axis.  The  high  quality  of  the  SAD 
pattern  confirms  a  single  crystal  structure  of  the  film.  Furthermore,  a  rotation  about  the  [001] 
zone  axis  of  ±20°  did  not  reveal  any  spot  splitting.  After  cooling  the  sample  to  below  200  K,  the 
image  and  SAD  pattern  changed  dramatically.  A  typical  twinning  structure  of  martensite  was 
observed.  Two  twin  orientations  are  clearly  evident  in  the  dark  field  (DF)  image  taken  at  1 10  K 
as  shown  in  Fig,  3(b).  The  twinned  structures  intersect  at  a  90°  angle.  The  width  of  each 
twinning  band  is  much  finer  than  those  observed  in  bulk  materials,  which  may  be  seen  under  an 
optical  microscope  [4].  The  on-axis  SAD  pattern  looks  similar  to  the  room  temperature  (RT)  on- 
axis  pattern,  both  showing  no  spot  splitting.  Spot  splitting  was  observed  around  the  four  {220} 
diffraction  spots  in  the  corresponding  off-axis  SAD  pattern  (insert  of  Fig.  3(b)),  which  suggests 
that  the  twining  bands  are  composed  of  NizMnGa  { 1 10}  planes  with  different  orientations.  This 
is  consistent  with  the  result  reported  by  Zasimchuk  et  al.  [8].  Their  study  showed  that  the 

martensitic  phase  transformation  is  a  modulated  displacement  of  {110}  planes  along  the  [1101 
direction. 

After  slowly  heating  the  sample  to  RT,  another  DF  image  was  taken  and  is  shown  in  Fig. 
3(c).  The  image  shows  the  low  temperature  twinning  structures  completely  disappeared. 
However,  the  image  does  not  look  the  same  as  the  original  RT  image  (Fig.  3(a)).  Instead,  it 
shows  a  structure  typically  associated  with  misfit  dislocations  [9].  From  the  corresponding  off¬ 
ers  SAD  pattern  (insert  of  Fig.  3(c)),  the  splitting  around  the  {220}  diffraction  spots  remains, 
further  demonstrating  the  difference  between  the  two  RT  structures.  This  might  be  explained  by 
either  incomplete  reversal  or  transformation  to  other  phases.  Although  most  of  the  GaAs 
substrate  has  been  removed  in  the  center  part  of  the  TEM  sample,  there  is  still  a  fairly  thick  layer 
of  GaAs  around  the  edge  of  the  sample.  This  layer  of  GaAs  will  cause  stress  in  the  NiaMnGa 
film.  The  martensitic  phase  transformation  is  sensitive  to  the  stress  state,  and  this  stress  effect 
might  have  prohibited  the  complete  reversal.  Since  the  as-deposited  film  shows  a  tetragonal 
structure  instead  of  the  cubic  L2i  structure,  upon  heating  the  film  from  low  temperature,  it  may 
try  to  revert  to  the  cubic  L2i  phase  instead  of  the  tetragonal  phase.  In  order  to  confirm  that  the 
twinning  structure  is  thermally  repeatable,  the  sample  was  cooled  down  to  1 10  K  again.  Indeed, 
the  twinning  structure  reappeared  and  the  DF  image  of  the  structure  is  shown  in  Fig.  3(d). 
Simil^  to  before,  two  orthogonal  twinning  structures  are  present  in  the  image.  Moreover,  each 
twin  is  composed  of  at  least  two  kinds  of  martensite  variants,  which  was  confirmed  by  DF 
imaging  and  labeled  as  A  and  B  in  Fig.  3(d).  Inside  each  variant,  there  still  exists  a  sub-structure 
miming  at  45°  to  tiie  main  variant.  The  corresponding  off-axis  SAD  pattern  (insert  of  Fig.  3(d)) 
was  obtained  by  titling  the  sample  around  [001]  zone  axis  to  an  angle  larger  than  20°.  The  spot 
splitting  around  the  {220}  diffraction  spots  separated  further.  Heating  the  sample  back  to  RT 
results  in  a  similar  stmcture  and  diffraction  pattern  as  those  shown  in  Fig,  3(c). 
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Fig.  3  Plan-view  TEM  images  and  SAD  patterns  (inset)  during  the  martensitic  phase  transformation, 
(a)  BF  image  taken  before  cooling  the  sample,  (b)  DF  image  of  martensite  twinning  structure  at  110  K. 
According  to  the  off-axis  SAD  pattern,  the  spot  splitting  occurs  around  the  four  {220}  diffraction  spots, 
(c)  DF  image  of  the  sample  after  heating  back  to  300  K.  Although  twinning  stmctures  disappeared,  spot 
splitting  remains  in  the  off-axis  SAD  pattern,  (d)  DF  image  taken  at  1 10  K  after  the  second  cooling. 


2  I . I  I  . . 'ill 


I  I  I  ■  ,  I  .  ,  ■  .  I  I  I  .  .  I . .  . . . . 

0  50  100  150  200  250  300  350 

Temperature  (K) 


Fig.  4  SQUID  measurements  for  a 
sample  with  the  GaAs  substrate  partially 
removed.  The  magnetic  moments  have 
been  normalized  to  the  value  at  10  K. 
The  martensitic  phase  transformation 
occurs  around  250  K. 
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Another  plan-view  TEM  sample  was  prepared  and  magnetic  moment  versus  temperature 
data  were  obtained  from  SQUID  measurements.  The  sample  was  cooled  down  to  10  K  in  zero 
magnetic  field  and  then  warmed  up  to  RT  in  a  constant  100  Oe  field  applied  parallel  to  the 
sample  surface.  From  the  measurements  (results  shown  in  Fig.  4),  there  is  a  dramatic  change  of 
the  magnetic  moment  at  -250  K,  which  is  believed  to  be  the  result  of  the  martensitic  phase 
transformation  [1].  From  this  measurement,  the  martensitic  phase  transformation  temperature  is 
estimated  to  be  ~250  K. 

CONCLUSIONS 

Large  reversible  stress  and  strain  are  desirable  properties  for  the  MEMS  actuator 
materials.  The  large  reversible  strain  possible  in  Ni2MnGa  suggests  that  thin  films  of  Ni2MnGa 
could  be  used  as  MEMS  actuators.  In  this  paper.  Molecular  beam  epitaxy  has  been  used  to  grow 
single  crystal  Ni2MnGa  thin  films  on  GaAs  (001)  using  a  45  A-thick  NiGa  interlayer.  The  films 
grow  pseudomorphically  on  the  relaxed  NiGa  interlayer,  resulting  in  a  tetragonal  phase  with  a  = 
b  =  5.79  A,  c  =  6.07  A.  Having  a  Curie  temperature  -350  K,  the  films  demonstrate  soft 
ferromagnetic  properties  at  room  temperature  and  a  saturation  magnetization  of  -200  emu/cm^. 
The  martensitic  phase  transformation  occurs  at  -250  K.  To  achieve  giant  magnetostriction  in  the 
films,  the  magnetic  anisotropy  should  be  increased.  This  could  be  accomplished  by  either 
cooling  the  film  below  the  martensitic  phase  transformation  temperature  or  by  directly  stabilizing 
the  martensitic  phase  through  epitaxy. 
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ABSTRACT 

The  metal  oxide  strontium  titanate  is  a  promising  material  for  resistive  high  temperature 
oxygen  sensors  (T  >  1000  K),  that  can  be  applied  to  control  combustion  engines.  However,  a 
disadvantage  of  this  and  of  many  other  metal  oxides  is  the  strong  temperature  dependence  of 
conductivity.  In  this  work,  we  show  that  the  temperature  dependence  of  Sr(Tii.xFex)03-8  can  be 
adjusted  by  the  iron  content.  For  x  =  0.35  the  thermal  activation  of  the  conductivity  is  near  zero 
for  a  distinct  temperature  and  oxygen  partial  pressure  range  (T  =  1000  K  -  1200  K,  p02  =  10  to 
10^  Pa).  Short  response  times  in  the  range  of  10  ms  can  be  realized  by  using  sensors  in  thick  film 
technology. 

INTRODUCTION 

Oxygen  sensors  are  used  in  automotive  applications  to  control  the  air-fuel  ratio  in  order  to 
reduce  harmful  emissions  and  fuel  consumption.  The  three-way  catalyst  system  (TWC) 
represents  the  most  effective  system  for  the  emission  control  at  this  time.  For  the  optimal 
function  of  the  TWC  system,  the  air-fuel  ratio  must  be  kept  at  the  stoichiometric  point  at  ^=1. 
One  A.-probe,  that  can  distinguish  between  rich  {X<1)  and  lean  (>^1)  air  fuel  ratios  is  applied  for 
engine  control.  Since  a  small  deviation  from  X=1  leads  to  a  great  change  in  the  oxygen  partial 
pressure  (PO2),  of  many  decades,  today  potentiometric  zirconia  sensors  obeying  the  Nemst  law 
can  be  used. 

For  gasoline  direct  injection  engines  and  other  lean  bum  engines  that  are  operated  with  air 
excess  (A,  >  1),  the  common  potentiometric  sensors  is  not  sensitive  enough,  because  the  oxygen 
partial  pressure  range  varies  by  only  one  decade,  leading  small  signals.  Hence,  current  limiting 
electrochemical  pumping  cells  based  on  Zr02  have  been  developed  for  engine  control 
applications. 

Resistive  oxygen  sensors  based  on  semiconducting  metal  oxides  are  an  alternative  to  the 
above-mentioned  current  limiting  sensors  because  they  are  more  sensitive  and  can  be 
manufactured  using  a  low-cost  screen  printing  technique.  The  principle  of  operation  of  resistive 
sensors  is  based  on  the  dependence  of  the  electrical  conductivity  of  a  metal  oxide  on  the  oxygen 
partial  pressure  in  the  ambient  gas  atmosphere  at  elevated  temperatures.  A  resistive  gas  sensor 
for  internal  combustion  engines  was  proposed  by  Logothetis  [1]  for  the  first  time.  He  suggested 
semiconducting  Ti02.  However  its  decisive  disadvantage  is  its  insufficient  chemical  stability 
(drift).  A  further  disadvantage  of  Ti02  as  well  as  of  many  other  semiconducting  oxides  is  its  high 
temperature  dependence  of  the  conductivity  [2].  Up  to  now,  a  family  of  semiconducting  oxides 
has  been  investigated  for  this  means  where  the  temperature  dependence  is  low,  for  example  Coi. 
xMgxO  [3],  SrMgo.4Tio.6O3  [4],  BaFeo.8Tao.2O3  [5]  and  Sr(Fe,Ti)03  [6].  Reports  on  these  resistive 
oxygen  sensors  for  lean-bum  engines  are  not  available. 
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In  this  paper  we  present  results  of  our  investigations  on  resistive  thick  film  oxygen  sensors 
based  on  chemically  stable  strontium  titanate,  whose  temperature  dependence  is  suppressed  by 
an  adequate  adding  of  iron. 

EXPERIMENTS 

Ceramic  SrTii-xFcxOa^  powders  (x  =  0  -  0.5)  were  prepared  using  a  conventional  mixed 
oxide  technique,  starting  with  SrCOa,  Ti02  and  Fe203.  The  powders  were  mixed,  calcined  in  air 
at  1473  K  for  15  h,  characterized  by  XRD  and  showed  a  single  phased  perovskite  structure  for  all 
iron  contents.  Above  an  iron  content  of  x=0.3  a  slight  lattice  distortion  of  the  primary  cubic 
structure  can  be  observed  [7].  The  powders  were  cold  pressed  and  sintered  in  air  at  1673  K  for 
10  h.  No  additives  to  improve  sintering  had  to  be  added.  The  densities  of  the  ceramics  were 
between  95  %  and  98  %  of  the  theoretical  density  and  showed  no  open  porosity.  Ceramics  (5mm 
X  5mm  X  15  mm)  were  sliced  to  thin  samples  (500  pm)  and  contacted  with  Pt-wires  and  Pt-paste 
in  4-wire  technique. 

For  the  preparation  of  SrTio.esFeojsOs-a  thick  films 
a  screen  printing  paste  prepared  of  the  same  powders  as 
above  was  printed  onto  an  alumina  substrate  (96  %).  In 
addition  to  SrTio.esFeojsOs-s-powder  the  screen  printing 
pastes  contained  exclusively  organic  supplements.  The 
thick  films  were  dried  and  fired  at  1330  K.  The  resulting 
layer  thickness  was  15  pm,  with  grain  sizes  of  0.5  pm 
and  an  open  porosity  of  30  %.  All  examined  thick  films 
were  equipped  with  Pt  bottom  side  contacts,  that  were 
burned  in  at  1573,  see  figure  1. 

The  electrical  conductivity  as  a  function  of 
temperature  and  oxygen  partial  pressure  was  measured  in 
an  oxygen  pump,  which  can  adjust  oxygen  partial 
pressures  between  10'^^  Pa  and  10^  Pa  within  a 
temperature  range  of  1000  K  -  1200  K  [8]. 

The  fast  kinetic  behavior  (response  times)  of  the  thick  films  were  investigated  by  a  method 
developed  by  Tragut  [9][10].  The  total  air  gas  pressure  and  the  corresponding  oxygen  partial 
pressures  p02  were  changed  periodically  from  2*10'^  to  4-10'*  Pa.  The  modulation  frequency  f  can 
be  varied  from  f  =  0.02  Hz  to  2  kHz.  The  magnitude  [Aj  and  phase  O  of  the  sensor  signal 
(conductivity)  are  determined  in  dependence  on  the  simultaneously  measured  pressure 
modulation.  This  allows  the  evaluation  of  sensor  kinetics  in  the  frequency  domain.  From  the 
magnitude  a  limiting  3  dB  frequency  fg  can  be  determined  which  serves  as  basis  for  conversion 
into  the  response  time  tpo  =  1/(3  fg). 

RESULTS 

Figure  2  shows  the  electric  conductivity  of  SrTii-xFexOs-s  bulk  ceramics  for  x=0.01  and 
x=0.35  as  a  function  of  the  oxygen  partial  pressure  p02  and  temperature  T.  The  electric  behavior 
at  high  temperatures  is  well  understood  on  a  defect  chemical  basis  and  published  in  numerous 
papers  [11].  Electrical  conductivity  ct  of  semiconducting  oxides  can  be  expressed  generally  by 

Ea 

a  oc  e  .p02^  (1). 


Fig.  1.  SrTio.65Feo.3503^  thick  film 
sensor  on  a  AI2O3  substrate  with  Pt 
bottom  side  contacts. 

1  square  =  1  mm^. 
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Fig.  2.  Conductivity  as  a 
function  of  oxygen  prtial 
pressure  and  temperature 
for  Sr(Tii.xFex)03.5 
ceramics  for  x  =  0.01  and  x 
=  0.35.  The  temperature 
dependence  of  conductivity 
can  be  suppressed  by  the 
iron  content  x  =  0.35  from 
p02  >  10^  Pa. 


The  first  term,  the  activation  energy  for  conduction  Ea,  the  Boltzmann  constant  k,  and  the 
temperature  T,  describes  the  temperature  dependence  of  the  electrical  conductivity.  Oxygen 
partial  pressure  dependence  is  described  by  the  second  term,  including  m  as  a  constant  which 
depends  on  the  dominant  type  of  bulk  defects  and  corresponds  to  the  sensor  sensitivity.  The  p02- 
dependence  of  a  can  be  divided  into  3  ranges  of  the  p02,  see  figure  2.  In  the  case  of  very  small 
p02  (<  10'^  Pa)  the  material  is  a  n-type  conductor.  The  conductivity  decreases  with  increasing 
p02  (m  <  0)  and  shows  a  strong  temperature  dependence  for  all  iron  contents  x  (Ea>  1  eV).  A 
conductivity  minimum  at  mean  values  of  p02  (10‘^  Pa  - 10'^  Pa),  that  almost  shows  partial 
pressure  independence,  indicates  traces  of  ionic  conductivity  for  x  =  0.01. 

For  an  application  of  SrTii.xFexOs-g  as  a  temperature  independent  oxygen  sensor  for  lean 
bum  engines,  the  partial  pressure  range  p02  >  10^  Pa  (m  >  0)  is  of  interest.  In  this  p-type  range 
the  isothermal  data  lines  are  very  much  closer  together  than  in  the  n-type  range.  This  can  be 
explained.  In  metal  oxides  at  a  fixed  oxygen  partial  pressure  of  the  ambient  atmosphere  oxygen 

leaves  the  lattice  with  increasing 
T  3.2  temperature.  This  leads  to  an  increase 

of  electrons  (n)  or  due  to  the 
generation-recombination 
(characterized  by  the  band  gap  Eg)  to 
a  decreasing  hole  concentration  (pi-). 
The  latter  effect  is  opposite  to  the 
thermal  promotion  of  the  dominating 
charge  carriers  (pT),  which  leads  to 
an  increasing  conductivity.  Equation 
2  describes  the  temperature 
dependence  of  conductivity 
(characterized  by  Ea),  that  is 
determined  in  the  p-type  range  by  the 
reduction  enthalpy  of  the  oxygen 


> 

0) 


m 


> 

(U 


UJ 


-0.2 


0.2  0.3  0.4 

iron  content  x 


Fig.  3.  Band  gap  Eg  (+)  and  activation  energies  for 
conduction  Ea  (■)  of  Sr(Tii.xFex)03.5  as  a  function 
of  iron  content  x.  Ea  evaluated  at  p02  =  lO'^  Pa  and 
T=1023K-1223  K. 


vacancies  and  the  energy  of 
generation-recombination  of 
electronic  charge  carriers  Eg  [12]. 
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Ea=—  (2) 

Since  the  band  gap  Eg  of  SiTii-xPexOs-s  depends  strongly  on  the  iron  content  x,  see  figure  3,  the 
temperature  dependence  of  conductivity  can  be  adjusted  by  the  iron  content  x  [13],  [14].  In  the 
case  of  x=0.35,  the  temperature  dependence  of  conductivity  can  even  be  eliminated  (Ea~  0) 
consequently,  this  iron  content  is  the  material  base  for  an  ideal  resistive  oxygen  sensor  for  a  use 
in  a  lean-bum  engine  (pO2=10^  Pa  -  2 10^  Pa).  The  slope  m  of  SrTio.esFeo.ssOj-s  is  1/5  in  this 
oxygen  partial  pressure  range. 

SrTii-xFexOs-s  is  chemically  stable  in  the  temperature  and  partial  pressure  range  which  is 
represented  in  figure  2.  An  irreversible  conductivity  shift  could  be  observed  on  ceramics  with  x  > 
0.2  from  T  >  1223  K  and  p02  <  10'^^  Pa.  Ceramic  materials  with  lower  iron  content  (x  <  0.2) 
are  chemically  stable  at  these  harsh  conditions.  The  ceramics  (d  =  500  pm)  respond  to  a  sudden 
^  ^  ^  ^  ^ — ' —  oxygen  partial  pressure  change  within  a 

—V— 1023  K  time  constant  of  a  few  seconds,  which  is 

2.6-  1073  K  in  the  same  range  as  slightly  acceptor 

-Q  1123K  doped  SrTiOs  [15],  where  the  kinetic 

behavior  is  also  determined  by  the 
diffusion  of  oxygen  vacancies. 

“  following,  it  will  be  shown 

2.2-  temperature  independence  and  the 

slope  m  of  the  characteristic  curve  of  the 
2  0  I  ceramics  (x  =  0.35)  can  be  transferred  to 

2.0  2!5  3!o  3.5  4!o  45  5^0  Elms  of  the  same  material.  Sensors 

log(p07  Pa)  manufactured  that  way  show  very  short 

^  response  times  due  to  their  small  layer 

Fig.  4.  Conductivity  versus  oxygen  partial  thickness  (15  pm).  The  influence  of  the 

pressure  and  temperature  of  a  Sr(Tio.65Feo,35)03.  temperature  on  the  characteristic  curves 

6  thick  film  on  Al203-substrate  (96  %),  m  =  0.2.  of  SrTio.65Feo.3503.5  thick  films  is  shown 

in  figure  4.  For  example,  a  measurement 

950  900  850  800  750  700  of  *6  pOj  at  1 0^  Pa  during  3  deviation  of 

^  ^  ^ ^ - - -  the  temperature  of  100  K  can  be  done 

within  an  error  of  10  %.  The  represented 
1 00  T  ,  characteristic  curve  is  reproducible  after 

«  some  hundred  hours  of  high  temperature 

E  operation. 

However,  a  reaction  layer  between 

^  °  substrate  and  sensor  layer  damages  the 

yi  long-term  stability  in  the  case  of 

/  operation  temperatures  T  >  1150  K, 

1  _  ■  ■  J  leading  to  a  parallel  shift  of  the 

0.80  0.85  0.90  0.95  1.00  characteristic  curve  to  higher  resistivities. 

1000  K/T  response  times  tgo  of  an  oxygen 

thick  film  sensor  (d  =  15  pm)  are  shown 
Fig.  5.  Response  times  of  a  Sr(Tio.65Feo.35)03-6  in  figure  5  as  a  function  of  temperature, 

thick  film  (d  =  15  pm)  as  a  function  of  Unlike  temperature  independence  of 

temperature.  conductivity,  the  response  time  shows  a 


loglpO/  Pa) 

Fig.  4.  Conductivity  versus  oxygen  partial 
pressure  and  temperature  of  a  Sr(Tio.65Feo,35)03. 
5  thick  film  on  Al203-substrate  (96  %),  m  =  0.2. 


1000  K/T 

Fig.  5.  Response  times  of  a  Sr(Tio.65Feo.35)03.6 
thick  film  (d  =  15  pm)  as  a  function  of 
temperature. 
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dependence  on  the  sensor  temperature.  This  kinetic  behavior  of  the  Sr(Tio.65Feo.35)03-5  thick  film 
is  comparable  with  the  short  response  times  of  very  fast  oxygen  sensors  based  on  thin  film 
technique  [16]. 

Figure  6  shows  a  measurement  result  of  the  thick  film  sensor  under  lean-bum  conditions  in 
a  car  engine  (Daimler-Benz,  2.0 1, 4  cylinder)  with  preceding  fuel  injection.  The  sensor  was 
heated  by  a  printed  Pt  substrate  heater  to  its  working  temperature.  It  was  protected  only  by  a 
metallic  housing  with  bores.  It  was  mounted  a  few  centimeters  behind  the  outlet  valve  of  the 
engine  in  the  exhaust  gas  stream.  Because  of  this  installation  close  to  the  engine  the  sensor 
detects  only  one  single  cylinder.  The  air/fuel  ratio  was  changed  via  the  injection  duration  ti  (4.2 
to  5.1  ms)  stepwise  from  2.= 1.4  to  >,=1.1.  The  sensor  was  operated  at  5  V  via  a  serial  resistor  of 
3.9  kS2.  This  leads  to  a  sensor  signal  between  1  V  and  2  V  (sensor  resistance:  1.2  kQ  at  X  =  1.4). 
Considering  the  delayed  outflow  process,  the  sensor  can  detect  the  very  fast  p02-changes  on 
account  of  the  varied  injection  times  t\. 


fuel  -  injection  cycle 


Fig.  6.  Profile  of  the  sensor  signal 
after  change  of  the  fuel  injection 
times  ti  of  a  car  engine.  The 
dashed  line  shows  the  injection 
process.  On  account  of  the 
delayed  outflow  process,  the 
sensor  signal  is  time-shifted. 
Exhaust  gas  temperature:  1090  K 
±  5  K;  engine  speed:  3500  r.p.m. 


CONCLUSIONS 

The  semiconducting  metal  oxide  Sr(Tii-xFex)03-5  offers  an  excellent  material  to  tailor  the 
temperature  dependence  of  a  resistive  oxygen  sensor.  In  addition  to  temperature  independence  at 
an  iron  content  of  x  =  0.35  the  response  times  of  the  thick  film  sensor  are  very  fast.  Of  special 
interest  is  an  application  of  this  material  as  a  fast  resistive  oxygen  sensor  for  lean  bum  engines. 
Sensors  manufactured  by  thick  film  technology  will  not  only  have  an  excellent  characteristic  but 
are  also  low  in  cost  and  have  the  potential  to  grow  into  integrated  and  multifunctional  sensors 
[17]. 
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MOLECULAR  RECOGNITION  OF  ORGANIC  COMPOUNDS  BY  IMPRINTED  SILICA 
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ABSTRACT 

Specific  interactions  between  silica  and  organic  molecules  play  an  important  role  in 
molecular  imprinting,  molecular  recognition,  and  enzyme  activity.  To  understand  the  specific 
interactions,  six  pairs  of  organic  compounds  were  chosen  and  investigated  for  their  molecular 
imprinting  capabilities  on  silica.  Silica  adsorbents  imprinted  by  methyl  red  or  p-methyl  red, 
methyl  orange  or  ethyl  orange,  and  histidine-alanine  or  histidine-leucine  can  recognize  their 
imprinting  molecules.  Silica  samples  “imprinted”  with  methyl  red  or  ethyl  red,  4,9- 
diaminoflourenone  or  3,3’-diaminodiphenylmethane,  and  /-histidine  or  /-histidine  do  not 
recognize  their  “imprinting”  molecules.  The  molecular  recognition  is  related  to  the  structure  of 
the  imprinting  molecules.  The  following  lessons  were  learnt:  1)  Three  or  more  strong  interaction 
sites  on  the  imprinting  molecules  are  necessary  to  endow  silica  with  recognition  capability;  2) 
Position  of  fimctional  groups  is  more  important  than  their  size  to  achieve  the  molecular 
recognition;  3)  Chiral  recognition  needs  stronger  interaction  and/or  more  interaction  sites. 

INTRODUCTION 

Molecular  imprinting  has  been  successfully  applied  to  the  creation  of  recognition  sites  in 
synthetic  materials  for  organic  compounds,  inorganic  ions,  and  biological  macromolecules. [1-3] 
There  are  two  types  of  molecular  imprinting  process:  covalent  bonding  and  noncovalent  bonding 
between  the  template  and  the  host  precursor(s).  The  covalent  bonding  system  employs  a 
template-precmsor  complex,  which  is  formed  by  reversible  covalent  bonding.  An  example  is  the 
reversible  formation  of  ester  linkages  between  a  sugar  and  phenylboronic  acid.  [4]  The  important 
feature  of  covalent  imprinting  is  that  it  allows  the  structures  of  imprinted  cavities  to  be  probed  in 
detail.  However,  application  of  the  covalent  imprinting  process  is  limited  to  pairs  of  functional 
precursors  and  template  species  where  the  potential  exists  for  a  chemical  reaction. 

The  noncovalent  imprinting  process  is  more  flexible.  In  nature,  noncovalent 
imprinting^inding  occurs  much  more  frequently  than  covalent  binding.  It  is  critical  in  antibody 
formation  and  the  antigen  recognition  process.  Reactions  between  templates  and  precursors  can 
consist  of  hydrogen  bonding,  electrostatic  interactions,  and  ion  coordination.  Studies  on 
noncovalent  molecular  imprinting  started  in  1950’s,  when  F.  H,  Dicky  reported  imprinted  silica 
was  a  better  adsorbent  than  non-imprinted  silica  gel  for  alkyl  orange  dyes. [5]  Improved 
imprinting  systems  were  developed  by  coating  functional  groups  on  silica  or  using  molecules 
containing  olefins  as  precursors  to  achieve  hydrogen  bonding  and  other  specific  interactions 
between  the  template  and  precursor, [6-9]  i.e.  olefins  include  acrylamides  [6-8]  and  methacrylic 
acid.  [9]  Chromatographic  columns  made  of  imprinted  polymers  have  been  used  to  resolve 
racemates  of  amino  acid  derivatives,  peptides,  carboxylic  acids,  amines,  amino  alcohols,  and 
monosaccharides  of  therapeutic  importance. [10]  A  recent  study  used  noncovalent  imprinting  to 
obtain  surfaces  capable  of  recognizing  blood  proteins.  [1 1] 

However,  noncovalent  imprinting  is  not  as  simple  as  covalent  imprinting.  This  has  led  to 
variable  results,  and  less  efficient  adsorbing  materials.  [12]  In  this  study,  we  hope  to  obtain  a 
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better  understanding  of  the  non-covalent  imprinting  process  by  rationally  selecting  the  functional 
groups  and  the  distribution  of  such  groups  in  the  imprinting  molecules. 

EXPERIMENTAL 

Imprinting  Procedure 

Six  pairs  of  molecules  were  used.  They  are  methyl  red  (MR)  vs  para-methyl  red  (/?-MR), 
methyl  orange  (MO)  vs  ethyl  orange  (EO),  dipeptides  histidine-alanine  (H-ALA)  vs  histidine- 
leucine  (H-LEU),  4,9-diaminofluorenone  (DAF)  vs  3,3’-diaminodiphenylmethane  (DAPM),  /- 
histidine  (HIS-L)  vs  /-histidine  (HIS-DL),  methyl  red  (MR)  vs  ethyl  red  (ER).  Their  molecular 
structures  are  illustrated  in  Scheme  1.  The  pair  MR  vs  p-MR  was  chosen  to  investigate  the 
importance  of  the  functional  group’s  position  in  molecular  imprinting.  MO  vs  EO  were  for  the 
size  of  the  functional  groups.  The  dipeptides  were  chosen  for  their  number  of  the  functional 
groups.  DAF  vs  DAPM  were  for  the  shape  of  the  whole  molecules.  And  the  histidines  were 
selected  to  investigate  the  racemic  recognition.  Dickey’s  procedure  was  adapted  to  prepare 
imprinted  silica.[5]  For  example,  0.5g(1.8  mmol)  methyl  red  were  dissolved  in  200mL  water. 
33g(149  mmol)  sodium  silicate  solution  (27%)  added  to  the  solution,  followed  by  adding  130mL 
5.7N  con.  Hydrochloric  acid(HCl).  The  solution  was  stirred  at  23°C  for  0.5  hr.  The  solution 
gelled  in  three  days  at  23'’C.  Then  the  gel  was  broken  up,  placed  on  a  filter  paper  and  dried  until 
brittle.  The  particles  were  ground  with  a  mortar  and  pestle  into  a  powder.  The  powder  was 
Soxhlet  extracted  until  the  methanol  became  colorless.  The  extraction  typically  took  12-24  hrs. 
The  extracted  silica  samples  were  dried  under  a  vacuum  and  kept  in  a  desiccator. 

Recognition  tests 


Imprinted  silica,  lOOmg,  was  dispersed  in  lOmL  aqueous  solutions  containing  various 
concentrations  of  dyes,  and  shaken  for  1  hr  at  23°C.  The  solutions  were  then  filtered  through  a 
0.2pm  nylon  filter.  The  filtrate  concentrations  were  analyzed  with  a  HP8453  UV/visible 
spectrophotometer. 

RESULTS 

Based  on  adsorption  isotherms  for  the  MR  molecules  and  other  organic  molecules,  the 
molecular  recognition  properties  are  summarized  in  Table  1.  As  an  example,  the  adsorption 
isotherms  for  the  /7-MR  and  MR  were  plotted  in  Figure  1.  The  silica  imprinted  with  /7-MR 
adsorbed  more/j-MR  than  MR,  while  MR  imprinted  silica  adsorbed  more  MR  than  ;7-MR.  This 
result  suggests  that  />-MR  and  MR  imprinted  silica  can  be  distinguished  in  the  imprinting 
process.  The  results  with  MO  and  EO  were  quantitatively  similar  to  those  by  Dickey  [5]. 

The  H-ALA-imprinted  silica,  adsorbed  more  H-ALA  than  H-LEU,  while  H-LEU  silica 
adsorbed  more  H-LEU  than  H-ALA,  indicating  both  imprinted  materials  possess  molecular 
recognition  capability.  A  similar  amount  of  MR  was  adsorbed  on  either  the  silica  imprinted 
either  with  MR  or  ER,  similar  amount  of  ER  was  adsorbed  on  either  ER  silica  or  MR  silica.  On 
both  silica  samples,  much  more  ER  was  adsorbed  than  MR.  The  adsorption  behavior  seemed  to 
be  determined  by  the  adsorbed  compounds,  not  by  the  adsorbent  silica,  thus  indicating  no 
molecular  recognition.  The  higher  adsorption  of  ER  may  be  related  with  its  lower  solubility  in 
water  compared  with  MR.  Figure  2  shows  adsorption  of  DAF  and  DAPM  on  the  silica  prepared 
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Scheme  1  Structures  of  the  imprinting  molecules 
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in  the  presence  of  DAF.  Slightly  higher  adsorbed  concentrations  of  DAPM  were  found  than 
Aose  of  DAF,  indicating  little  molecular  imprinting  achieved  during  synthesis  of  the  silica.  As 
in  the  case  of  ER,  lower  solubility  of  DAPM  in  water  may  be  counted  for  its  higher  adsorption. 
Figure  3  shows  adsorption  of  HIS-L  and  HIS-DL  on  silica  prepared  in  the  presence  of  HIS-L. 
Data  points  of  both  HIS-L  and  HIS-DL  fell  on  single  straight  line.  Although  adsorption 
equilibrium  was  not  achieved,  the  silica  did  not  recognize  HIS-L  in  the  test  range. 


Table  1  Molecular  recognition  properties  of  the  imprinted  silica 


Silica  imprinted  by 

Molecular  Recognition 

/^-Methyl  red  p-MR 

Yes 

Methyl  red  MR 

Yes 

Methyl  orange  MO 

Yes 

Ethyl  orange  EO 

Yes 

Histidine- Ala  His-Ala 

Yes 

Histidine-Leu  His-Leu 

Yes 

Methyl  red  MR 

No 

Ethyl  red  ER 

No 

Diaminofluorenone  DAF 

No 

Diaminodiphenylmethane  DADP 

No 

/-Histidine  His  L 

No 

/-Histidine  HisDL 

No 

Figure  1  Adsorption  on  p-MR  imprinted  silica  (a)  and  MR  imprinted  silica  (b) 
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Figure  2  Adsorption  on  diaminofluorene  silica 


I  50  100  150  200  250  300 

Equilibrium  concentration  (mole/kg  xl  0*^) 
Figure  3  Adsorption  on  Histidine  L  silica 


CONCLUSIONS 

In  MO  and  EO  molecules,  there  are  three  sites,  amine,  azo,  and  sulphonate  acid  (Scheme  1), 
which  can  form  strong  hydrogen  bonding  with  silica.  These  strong  interactions  are  necessary  in 
order  for  the  imprinted  silica  to  recognize  the  subtle  structural  difference  of  dimethyl  amine  and 
diethyl  amine  (Figure  2).  Molecular  structures  of  MR  and  ER  are  very  similar  to  MO  and  EO. 
However,  internal  hydrogen  bonding  was  formed  between  the  carboxylic  hydrogen  and  the  azo 
nitrogen.[13]  The  internal  hydrogen  bonding  may  have  shielded  both  carboxylic  hydrogen  and 
azo  nitrogen  from  hydrogen  bonding  with  the  oxygen  electrons  and  hydrogen  of  silica. 
Therefore,  only  the  amine  group  was  available  to  have  strong  interaction  with  silica,  since  the 
attraction  between  benzene  and  silica  is  limited  to  van  der  Waal’s  interactions.  The  possible 
strong  interaction  sites  decreased  from  three  to  one,  leading  to  non-specific  interactions. 

This  also  occurred  when  MR  templated  silica  exhibited  a  small  preference  of  MR  to 
p-MR  (Figure  lb),  while  p-MR  silica  could  comfortably  distinguish  p-MR  from  MR  (Figure  la). 
One  strong  interaction  site,  therefore,  was  not  enough  to  achieve  molecular  recognition  in  MR 
templated  silica. 

DAF  and  DAPM  have  two  amines  which  can  interact  strongly  with  silica.  But  silica  “imprinted” 
by  either  of  them  had  no  molecular  recognition  capability,  indicating  that  two  strong  interaction 
sites  were  not  enough  to  achieve  imprinting.  All  the  successful  imprinting  molecules  studied  in 
this  paper  have  more  than  two  sites  which  interact  strongly  with  silica  in  a  well  defined  memner. 
The  p-MR  has  amine,  azo,  and  carboxylic  acid  which  form  hydrogen  bonding  with  hydroxyls 
and  oxygen  electrons.  MO  and  EO  have  amine,  azo,  and  sulphonic  acid  groups.  H-ALA  and  H- 
LEU  have  three  amines  and  a  carboxylic  acid. 
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MR  templated  silica  was  just  about  to  recognize  MR  from  p-MR.  And  it  could  not 
distinguish  MR  from  ER.  This  indicates  the  importance  of  position  of  functional  groups 
comparied  with  size  of  functional  groups,  although  it  also  implies  importance  of  the  number  of 
strong  interaction  sites  as  discussed  above. 

Histidine  has  three  amines  and  a  carboxylic  acid  which  should  form  strong  interactions  with 
silica.  However,  the  “imprinted”  silica  could  not  distinguish  between  HIS-L  and  HIS-DL, 
indicating  an  arduous  task  of  resolution  of  racemates  with  imprinted  silica. 

Based  on  relationships  between  structures  of  the  imprinting  molecule  and  recognition 
capabilities  of  the  imprinted  silica,  we  can  provide  three  conclusions:  1)  More  than  two  strong 
interaction  sites  on  the  imprinting  molecules  are  necessary  to  endow  silica  with  recognition 
capability;  2)  Position  of  functional  groups  is  more  important  than  their  size  for  achieving 
molecular  recognition;  3)  Chiral  recognition  needs  stronger  interaction  and/or  more  interaction 
sites. 
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ABSTRACT 

Hysteresis  free  and  linear  piezoelectric  behavior  of  SrBi4Ti40i5  (SrBIT)  is  very  promising  for 
precise  sensors/actuators  devices.  Despite  a  quite  low  longitudinal  piezoelectric  coefficient 
(around  15  pC/N),  its  elevated  ferroelectric  phase  transition  temperature  (540°C)  allows  its  use 
above  300°C.  Electrical  conductivity  at  such  temperatures  should  be  kept  as  low  as  possible  in 
order  to  avoid  loss  of  piezoelectric  properties  or  charge  drifts.  Under  reducing  conditions, 
however,  the  electrical  conductivity  may  change  considerably.  The  electrical  conductivity  of 
SrBi4Ti40i5  (SrBIT)  has  been  measured  under  controlled  oxygen  partial  pressure  at  elevated 
temperatures  (700-900°C)  from  1  atm  down  to  10'^^  atm.  From  1  atm  down  to  10'^  atm  p02, 
above  700°C,  the  conductivity  of  SrBIT  exhibits  a  -1/4  slope  in  log-log  scale  indicating  n-type 
conductivity  and  an  impurity  controlled  oxygen  vacancy  concentration.  A  conductivity  minimum 
is  observed  around  0.2  atm  for  undoped  SrBIT  at  800°C.  Acceptor  doping  (Mn)  raises  the 
minimum  and  flattens  the  conductivity  curve  with  slope  around  -1/10  at  700°C,  and  -1/6  at 
900°C.  Ionic  conductivity  and  defect  ionization  are  discussed  to  account  for  this.  Preliminary 
results  indicate  the  possibility  of  a  large,  p02  independent,  region,  down  to  10'^^  atm  p02.  The 
ionic  transport  number  was  found  to  be  0.42  at  800°C  for  undoped  SrBIT  and  0.75  for  Mn  doped 
SrBIT.  The  activation  energies  of  undoped  (1.35  eV)  and  Mn  doped  (1.44  eV)  samples  are  close 
to  each  other  as  expected  for  a  common  mechanism. 


INTRODUCTION 

A  typical  feature  of  modern  technology  is  probably  the  ability  of  a  system  to  sense  the 
surroundings,  e.g.  temperature,  pressure  with  a  good  accuracy  in  order  to  optimize  the  operation 
(self-regulation).  This  is  commonly  achieved  with  the  so-called  smart  materials  using  functional 
elements.  Under  any  stimulus,  a  smart  material  can  be  set  into  an  informed  state  more  or  less 
quickly  [1].  Many  of  smart  materials  are  ceramics.  But  there  are  also  metallic  or  plastic  ones  [2]. 
Functional  ceramics  are  used  as  electrical  conductors  for  humidity  sensors  (e.g.  Ti02  doped 
MgCr204  [3],  as  pyroelectrics  for  temperature  sensors  or  gas  sensors  [4,5],  as  piezoelectrics  for 
pressure  or  force  sensors.  Piezoelectric  applications  are  also  met  in  computers  (disk  drives,  shock 
sensor,  touch-input  panels),  medical  (invasive  catheters,  pacemakers)  or  security  system  (motion 
detection,  step  switch). 

Bismuth  Titanates  belonging  to  the  Aurivillius  family  (formula  Am-n-iBinBm03m+3)  are 
good  candidates  for  piezoelectric  sensors  at  elevated  temperature,  because  of  their  high 
ferroelectric  transition  temperature  (up  to  940°C  for  Bi3TiNb09).  The  crystallographic  structure 
consists  of  m  perovskite-like  units  separated  by  Bi  oxide  layers.  Actually  Bi^^  of  the  oxide  layer 
can  be  replaced  by  Pb^"^  [6]  and  it  was  recently  shown  for  Bi2ANb209  (A=,  Ca,  Sr,  Ba),  that  the  A 
cation  can  replace  Bi^^  in  the  Bi  oxide  layer  (e.g.  13.4  %  of  Ba^^).  The  piezoelectric  properties  of 
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SfBmTmOis  (SrBIT)  are  very  attractive  for  high  quality  piezoelectric  sensors  [7].  The  most 
interesting  features  of  this  material  are  that  the  piezoelectric  properties  are  not  sensitive  to  the 
amplitude  or  to  the  frequency  of  the  applied  field  and  there  is  no  hysteresis  between  the  measured 
charge  and  the  applied  elastic  field  for  the  direct  piezoelectric  effect. 

In  applications  under  reducing  conditions,  conductivity  of  ferroelectrics  can  increase 
significantly.  A  too  large  DC  conductivity  could  spoil  the  piezoelectric  properties  (charge 
drifting)  and  should  be  prevented.  Acceptor  doping  (by  Mn""^)  is  a  solution  that  was  investigated 
during  this  study  in  order  to  use  SrBIT  up  to  400°C  in  a  reducing  atmosphere.  It  was 
demonstrated  [8]  that  the  resistivity  of  Mn  doped  BaTiOs  was  higher  than  undoped  BaTi03  after 
firing  in  hydrogen.  Manganese  doping  effect  has  already  been  extensively  studied  in  the  case  of 
BaTiOs.  The  ionic  radius  of  Mn"^  ranges  from  0.67  (Mn^^)  to  0.53  (Mn**^).  Thus  it  could 
substitute  Ti'*"^.  The  Ti  substitution  by  Mn  on  the  B  site  of  the  perovskite-like  unit  was  shown  in 
the  case  of  Bi4Ti30i2  [9].  The  Manganese  cation  can  have  many  oxidation  states  that  can  change 
with  the  oxygen  partial  pressure  [10] (described  for  BaTi03).  For  example  at  1000°C,  above  1  Pa 
(1  10‘^  bar)  the  stable  form  is  Mn*^^  and  below  it  is  Mn^"*”. 


EXPERIMENT 

Conventional  mixed  oxides  techniques  were  used  to  prepare  pure  and  Mn  doped  SrBi4Ti40j5 
(SrBIT)  powder.  Mn  was  added  as  Ti  substitution  (on  the  B  site  of  the  perovskite  sub  units),  the 
investigated  compositions  for  SrBi4Ti4.yMnyOi5.y/2  were  y  =  0.005,  0.010,  0.015,  0.020  for  the 
cell  parameters  measurements  and  y  =  0.020  for  the  conductivity  measurements  (2  mol.  %  Mn). 
Proper  amount  of  reagent  grade  Bi203,  Ti02,  SrC03  and  MnC03  were  mixed  together  and  reacted 
at  elevated  temperature  (1050°C)  for  a  long  time.  After  calcination  and  ball  milling  the  powder 
was  pressed  with  uniaxial  press  and  fired  in  air  above  1200°C.  X-rays  diffi-action  analysis  in  the 
0-29  mode  with  CuK„  beam  was  used  to  check  the  purity  of  the  product  and  measure  the  cell 
parameters  for  Mn  doped  SrBIT.  No  second  phases  were  detected  after  calcination  and  sintering. 
Mn  content  was  measured  after  sintering  by  x-rays  Fluorescence  Spectroscopy  (XRF).  A  1  wt.  % 
Mn0-Bi203  mixture  was  used  to  calibrate  the  system  and  0. 1  wt.  %  mixture  was  used  to  verify 
the  calibration.  The  composition  of  a  fired  Mn  doped  ceramic  was  then  measured.  For  the 
conductivity  measurement  under  controlled  oxygen  partial  pressure,  rectangular  samples  (6  mm 
long  and  1x1  mm  in  section)  were  cut  from  fired  ceramics.  Pt  paint  was  deposited  at  the  ends  of 
the  bars.  The  electrical  conductivity  was  measured  by  a  four  probes  DC  current  method  under 
controlled  oxygen  partial  pressure.  The  oxygen  activity  was  adjusted  from  1  atm  down  to  10'*^  by 
either  a  gas  mixture  between  Ar  and  O2  (1-10‘^  atm)  or  between  CO  and  CO2  (10'*°-10‘*^)  using 
mass  flow  meters  and  controllers.  The  intermediate  range  was  reached  with  a  zirconia  oxygen 
pump  used  in  constant  DC  current  mode.  Both  CO-CO2  oxygen  partial  pressure  range  and 
zirconia  oxygen  pump  efficiency  are  temperature  dependent.  The  oxygen  partial  pressure  was 
measured  with  a  zirconia  oxygen  probe  (measurement  of  the  electrochemical  potential  of  the 
cell).  The  indexation  of  the  XRD  spectrum  used  for  the  cell  parameter  measurements  was 
determined  with  the  aid  of  the  International  Crystallographic  Tables  [11]. 
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RESULTS 


The  XRF  quantification  of  the  0.1  wt.%  Mn0-Bi203  mixture  with  a  1  wt.%  mixture  as  a 
reference  is  0.103  wt.%  ±0.006  and  the  quantification  of  a  fired  Mn  doped  ceramic  is  0.18  wt.  % 
±0.03  in  the  case  of  a  0.105  wt.  %  Mn  (2  mol.  %  Mn).  The  orthorhombicity  parameter,  Figure  1, 
indicates  a  progressive  deformation  of  the  crystallographic  cell  in  the  a-b  plane.  This  is  a  good 
indication  of  the  incorporation  of  Mn  ions  into  the  orthorhombic  cell  of  SrBIT. 


0  0.01  0.02  10-5  10-3  10-1 


Mn  substitution  oxygen  partial  pressure  [atm] 

Figure  1 :  a  to  b  cell  parameters  ratio  Figure  2:  conductivity  versus  oxygen  partial 
(orthorhombic  cell)  versus  Mn  substitution  pressure  at  800°C  for  undoped  (open  circles) 
measured  at  room  temperature.  and  2  mol.%  Mn  doped  SrBIT  (filled  circles) 

close  to  the  minima  region. 

In  log-log  scale  the  slope  of  the  electrical  conductivity  versus  the  oxygen  partial  pressure, 
Figure  2,  is  about  -0.25  as  already  observed  for  perovskites  [12,13,14,10,15].  This  is  an 
indication  of  a  direct  compensation  of  the  natural  impurities  by  oxygen  vacancies.  The  effect  of 
acceptor  doping  (as  Mn  is  probably  in  the  tri valent  state  on  the  Ti'*'^  site  of  the  perovskite  subunit) 
is  also  presented  in  Figure  2.  There  are  three  effects  of  Mn  doping  1)  the  conductivity  is 
decreased  in  the  n  type  region  (low  oxygen  partial  pressure  values,  2)  the  slope  of  the  curve  is 
decreased  and  3)  the  conductivity  near  the  minima  is  increased.  The  first  effect  is  not  surprising 
since  aceeptor  doping  reduces  n-type  conductivity,  however  the  slope  change  is  much  more 
interesting  sinee  it  may  indicate  a  different  compensation  mechanism.  The  third  effect  may  be 
due  to  an  increased  ionic  conductivity  contribution.  The  estimation  of  the  ionic  conductivity  as 
shown  below,  Figure  5,  indicates  that  Mn  doping  increases  the  transference  number  (ratio  of  the 
ionic  conductivity  to  the  total  conductivity).  This  is  not  surprising  since  Mn^"^  substitution  on  the 
Ti'*'^  sublattice  creates  oxygen  vacancies  by  the  incorporation  equation; 

SrO  ±  2Bi203  ±  (4  -  y)Ti02  ±  yMn203  =  ±  4Bi3j  ±  (4  -  yjTiji  +  yMn^i  ±  |^15  -  ±  ^ Vg 

Measurement  of  the  electrical  conductivity  at  different  temperature  for  2  mol.  %  Mn 
doped  SrBIT  is  presented  in  Figure  3.  The  slope  is  -1/10.  6  at  700°C,  -1/6.5  at  800*^0  and  -1/6.2 
at  900°C.  It  was  demonstrated  [15]  in  the  case  of  Mn  doped  BaTiOs  that  a  -1/6  slope  was  due  to 
the  ionization  equilibrium  of  the  Mn  defects  (from  trivalent  to  tetravalent),  equation  (2).  Thus 
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with  increasing  temperature,  the  conductivity  near  the  minima  of  Mn  doped  SrBIT  is  more  and 
more  electronic  and  less  ionic. 

Mn  ji  =  Mnji  +  h  (2) 

The  electrical  conductivity  in  very  low  oxygen  partial  pressure  (down  to  10'^^  atm)  is 
shown  in  Figure  4.  At  very  low  p02,  one  expects  a  predominance  of  the  reduction  equilibrium 
(creation  of  intrinsic  oxygen  vacancies).  This  mechanism  should  come  with  a  -1/6  slope  of  the 
conductivity  curve.  But  instead  of  a  slope  change  from  -1/4  to  -1/6  the  conductivity  increases 
very  fast  around  10'^  atm  at  700°C  to  a  less  p02-dependent  region.  In  the  case  of  SrBi2Nb209  and 
SrBi2Ta209,  it  was  demonstrated  [16]  that  the  conductivity  could  be  either  ionic  (in  that  case  the 
conductivity  vs.  p02  curve  is  wide  and  flat)  or  electronic  with  typical  features  of  donor  doped 
perovskites  (first  oxygen  vacancies  compensated  acceptor  impurities  then  electron  compensated 
extrinsic  donor  centers  [17]),  The  authors  propose  that  some  cation  place  exchange  between  the 
perovskite  units  (Sr^"^  and  the  Bi  oxide  layer  (Bi^"*)  induce  two  different  conduction  mechanisms. 
In  the  Bi  oxide  layers  the  substituted  Sr^^  ions  would  be  compensated  by  oxygen  vacancies  (as 
demonstrated  for  Bi4Ti30i2  [18],  oxygen  vacancies  are  preferentially  situated  in  the  vicinity  of  Bi 
ions  in  the  Bi  oxide  layer).  On  other  hand,  electrons  would  compensate  the  Bi^^  ions  sitting  on 
the  Sr^"^  place.  A  sharp  conductivity  increase  is  also  reported  at  low  oxygen  partial  pressure,  but 
no  interpretation  was  given. 


Figure  3:  conductivity  versus  oxygen  partial  Figure  4:  conductivity  versus  oxygen 
pressure  for  2  mol.  %  Mn  doped  SrBIT  at  partial  pressure  for  undoped  SrBIT  at  two 
three  different  temperatures.  The  exponent  of  a  different  temperatures  in  a  wide  range  of 
fitted  power  law  is  10.56  at  711°C,  6.45  at  p02. 

811°C  and  6.21  at  909°C. 

The  usual  way  used  to  determine  the  transference  number  for  mixed  conductors  is  to 
measure  the  electrochemical  potential  (EMF)  across  a  cell  made  of  the  material  of  interest 
exposed  to  two  different  oxygen  activities.  However  it  was  proposed  [19]  to  calculate  the 
transference  number  directly  with  the  conductivity  measurements.  If  the  conductivity  near  the 
minima  follows  a  power  law  with  a  -0.25  exponent,  then  the  total  conductivity  can  be  written  as: 


It  was  shown  for  BaTiOs  [19]  that  the  transference  numbers  obtained  with  that  method 
were  identical  to  EMF  measurements.  At  800°C,  the  transference  number  for  undoped  SrBIT  as 
calculated  from  the  conductivity  curves  is  0.42.  This  means  an  "intrinsic"  relatively  large  amount 
of  ionic  conduction.  In  the  case  of  2  mol.  %  Mn  doped  SrBIT,  the  transference  number  is  larger: 
0.75.  For  this  composition,  the  major  contribution  to  the  electrical  conduction  is  ionic.  The 
activation  energy  that  was  calculated  for  both  undoped  and  Mn  doped  SrBIT  is  similar:  1.35  eV 
for  undoped  SrBIT  and  1.44  eV  for  Mn  doped  SrBIT,  Figure  5. 
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Figure  5:  ionic  conductivity  as  calculated  from  the  a  =  f(p02'®  curves 
for  undoped  SrBIT  (open  circles)  and  Mn  doped  SrBIT  (filled  circles)  at 
800°C.  The  transference  number  is  0.42  for  undoped  SrBIT  and  0.75  for  2 
mol.  %  Mn  doped  SrBIT.  The  activation  energies  are  1.35  eV  for  undoped 
SrBIT  and  1.44  eV  for  Mn  doped  SrBIT. 

CONCLUSIONS 

The  electrical  conductivity  of  SrBi4Ti40i5  was  investigated  at  high  temperature  under  controlled 
oxygen  partial  pressure.  It  was  shown  that  the  conductivity  of  this  material  exhibits  a  -1/4  slope 
in  log-log  scale  down  to  10'^  atm.  For  lower  oxygen  partial  pressures,  some  typical  features  of 
donor  doped  perovskites  were  observed.  It  was  demonstrated  that  Mn  doping  was  efficient  in 
decreasing  the  conductivity  under  reducing  conditions.  The  incorporation  of  Mn  cations  into  the 
crystallographic  lattice  was  demonstrated  by  cell  parameter  measurements.  Estimation  of  the 
transference  number  shows  that  Mn  substitution  increases  the  amount  of  ionic  conductivity 
compared  to  undoped  SrBIT.  The  activation  energies  for  both  undoped  and  Mn  doped  SrBIT  are 
close  to  each  other. 
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ABSTRACT 

Intense  triboluminescence  has  been  observed  in  rare-earth-doped  aluminosilicates  such  as 
BaAl2Si208  and  SrAl2Si208  doped  with  Eu^^,  Tb^^,  or  Dy^^  The  triboluminescence  is  caused 
by  the  excitation  of  and  emission  from  rare-earth  ions  doped  in  the  crystals.  A  discrepancy  in 
the  wavelength  of  maximum  emission  intensity  between  triboluminescence  and 
photoluminescence  spectra  is  observed  for  the  4f^5d-4f  transition  of  Eu^^,  whereas  the  peak 
positions  and  the  relative  intensities  of  emission  lines  in  triboluminescence  and 
photoluminescence  spectra  are  almost  the  same  as  each  other  for  the  4f-4f  transitions  of  Tb^^  and 
Dy^^  This  is  because  the  5d  levels,  which  are  more  significantly  affected  by  ligand  fields  than 
the  4f  levels,  contribute  to  the  transition  of  Eu^^.  It  is  thought  that  the  difference  in  local 
environment  around  the  Eu^^  between  on  the  fractured  surface  and  within  the  bulk  brings  about 
the  discrepancy  between  triboluminescence  and  photoluminescence  spectra. 

INTRODUCTION 

The  phenomenon  that  emission  of  photons  is  caused  by  fracture  of  a  solid,  which  is  known 
as  triboluminescence,  has  been  observed  in  many  kinds  of  solids  including  ionic  crystals, 
semiconductors,  metals,  minerals,  glasses,  and  organic  crystals[l-l2].  Measurements  of 
triboluminescence  spectra  and  attempts  to  clarify  the  mechanism  of  triboluminescence  have 
been  made  for  each  of  the  materials.  In  some  cases,  the  triboluminescence  is  brought  about  by 
impurities  and/or  defects  in  solids.  As  for  inorganic  materials  containing  rare-earth  ion  as  an 
impurity,  the  triboluminescence  was  first  demonstrated  in  single  ciystalline  fluorite  (CaF2)  to  our 
knowledge,  and  it  was  revealed  that  the  trivalent  rare-earth  ions  doped  in  the  fluorites  are 
responsible  for  the  triboluminescence[13].  Ishihara  et  al.[14,15]  found  that  the 
triboluminescence  occurs  in  polycrystalline  barium  hexacelsian  (BaAl2Si208)  doped  with  rare- 
earth  ions  such  as  Eu^^,  Sm^^,  Sm^^,  Ce^^,  and  Yb^^  They  revealed  that  the  triboluminescence 
is  brought  about  by  the  4f-4f  and  4f-5d  electronic  transitions  of  these  rare-earth  ions. 
Consequently,  the  triboluminescence  of  these  materials  is  characterized  by  their  various  colors. 
Recently,  Akiyama  et  al.[16]  observed  intense  triboluminescence  in  polycrystalline 
Sr3Al206:EuJ)y.  These  phenomena  are  attracting  considerable  attention  from  a  standpoint  of 
application  to  sensing  of  structural  damage  and  fracture. 

It  is  of  importance  from  both  fundamental  and  practical  viewpoints  to  examine  other  rare- 
earth  ions  which  can  cause  triboluminescence  accompanied  with  visible  color  characteristic  of 
them.  In  the  present  investigation,  we  report  successful  observation  of  intense 
triboluminescence  in  SrAl2Si208:Tb^^,  BaA!2Si208:Tb^X  and  BaAl2Si208:Dy^'^  polycrystals.  We 
present  triboluminescence  spectra  of  these  three  compounds  along  with  B^2Si208:Eu^^, 
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compare  the  triboluminescence  and  photoluminescence  spectra  of  these  materials  with  each 
other,  and  discuss  the  similarity  and  difference  between  them. 

EXPERIMENTAL  PROCEDURE 

Polycrystalline  SrAl2Si208:Tb^^  BaAl2Si208:Tb^'',  BaAl2Si20g:Dy^^  and  BaAl2Si208:Eu^'' 
were  prepared  from  reagent-grade  SrCOj,  BaCO,,  AI2O3,  Si02,  Tb407,  DyjO.^,  and  EU2O3. 
These  raw  materials  were  weighed  to  make  the  aimed  compositions;  the  nominal  molar  ratio  of 
rare-earth  (Tb,  Dy  and  Eu)  to  Sr  or  Ba  was  1/19  and  Sr(or  Ba):Al:Si=0.95:2:2.  For  the 
BaAl2Si208:Eu  ,  after  the  raw  materials  were  mixed  thoroughly,  the  mixture  was  put  into  an 
alumina  crucible,  which  was  placed  in  another  larger  alumina  crucible  filled  with  carbon 
granules.  The  larger  alumina  crucible  was  covered  with  an  alumina  lid.  The  mixture  was 
heated  at  ISOO^C  for  2  h  in  an  electric  furnace  and  cooled  to  IbOO'C  at  a  rate  of  lOO't^/h.  For 
the  SrAl2Si208:Tb^'^,  BaAl2Si208:Tb^^,  and  BaAl2Si208:Dy^^,  the  mixture  of  the  raw  materials 
was  heated  at  1800't  for  2  h  in  air.  Then,  the  sample  was  slowly  cooled  to  room  temperature 
in  the  furnace.  The  mixture  was  a  molten  state  at  ISOOt^  because  the  melting  point  of 
SrAl2Si208  and  BaAl2Si208  is  about  1700[I7]  and  1750°C[18],  respectively.  A  densified  body 
of  polyciystalline  SrAl2Si208  and  BaAl2Si208  could  be  obtained  by  cooling  from  its  liquid  state. 
X-ray  diffraction  analysis  was  carried  out  to  ascertain  that  the  polycrystalline  sample  was  a 
single  phase  of  SrAl2Si208  and  BaAl2Si208. 

The  polyciystalline  sample  thus  obtained  was  pressed  with  a  pressure  device  and 
triboluminescence  spectrum  was  obtained  by  using  a  COO  detector  (Hamamatsu  Photonics, 
C5094)  equipped  with  a  multichannel  analyzer  (Hamamatsu  Photonics,  C5967). 
Photoluminescence  spectrum  was  measured  using  a  fluorescence  spectrophotometer  (Hitachi, 
850).  The  measurements  of  triboluminescence  and  photoluminescence  spectra  were  carried  out 
at  room  temperature  in  air.  The  measurement  of  triboluminescence  was  also  attempted  for 
polyciystalline  BaAl2Si208  without  intentional  dopants. 

RESULTS 

Triboluminescence  spectrum  of  BaAl2Si208  without  intentional  dopants  is  shown  in  Fig.l. 
Although  rare-earth  ion  are  not  included  in  this  sample,  triboluminescence  is  observed.  Intense 
emission  lines  are  observed  at  around  310, 330, 360,  and  380  nm. 

Figure  2  shows  triboluminescence  (solid  circles)  and  photoluminescence  (solid  line) 
spectra  of  BaAl2Si208:Eu^^.  A  rather  narrow  line  and  a  broad  band  are  observed  at  373  and  485 
nm,  respectively  in  the  photoluminescence  spectrum  obtained  under  excitation  at  305  nm  which 
lies  in  the  wavelength  range  of  triboluminescence  of  BaAl2Si20g  without  intentional  dopants. 
Similarly,  the  triboluminescence  spectrum  of  BaAl2Si208;Eu^'^  manifests  a  broad  band  at  around 
530  nm  in  addition  to  a  rather  narrow  line  at  about  375  nm.  The  broad  band,  the  relative 
intensity  of  which  is  higher  in  the  triboluminescence  than  in  the  photoluminescence  spectra,  is 
ascribable  to  the  AtSd-Af  transition  of  doped  Eu^^  ions.  The  broad  band  is  shifted  to  a  longer 
wavelength  side  in  the  triboluminescence  compared  with  the  photoluminescence.  As  reported 
previously  for  Yb^^  and  Ce^^  doped  in  BaAl2Si208,  emission  lines  in  the  triboluminescence  are 
shifted  to  a  longer  wavelength  side  compared  with  the  photoluminescence  in  the  case  of  the  5d- 
4ftransition[15]. 

As  for  the  rather  narrow  emission  line  at  370-375  nm  observed  in  both  triboluminescence 
and  photoluminescence  spectra,  two  possible  assignments  were  suggested.  One  of  them  is  the 
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Fig.l.  Triboluminescence  spectrum  of 
BaAl2Si208  polycrystal  without  any 
intentional  dopants. 
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Fig.2.  Triboluminescence  (closed  circles)  and 
photoluminescence  (solid  line)  spectra  of 
BaAl2Si208:Eu^^  polycrystal. 
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Fig.3.  Triboluminescence  (closed  circles)  and 
photoluminescence  (solid  line)  spectra  of 
SrAl2Si208:Tb^^  polycrystal. 
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Fig.4.  Triboluminescence  (closed  circles)  and 
photoluminescence  (solid  line)  spectra  of 
BaAl2Si208:Tb^^  polyciystal. 
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AfSdAf  transition  of  split  by  crystal  fields[19],  and  the  other  is  the  4f-4f  {^P7/2-*S7/2) 
transition  of  Eu^^[20}.  A  hybridization  of  ^7/2  and  4f®5d  levels  is  possible  as  well.  We 
speculate  that  the  4f-4f  transition  mainly  contributes  to  this  emission  line,  because  tiie 
wavelength  of  the  maximum  emission  intensity  for  the  triboluminescence  is  almost  the  same  as 
that  for  the  photoluminescence.  As  mentioned  below,  this  is  characteristic  of  the  4f-4f 
transition. 

Triboluminescence  (solid  circles)  and  photoluminescence  (solid  line)  spectra  of 
SrAl2Si208:Tb^^  and  BaAl2Si208:Tb^^  are  shown  in  Figs.3  and  4,  respectively.  The  excitation 
wavelength  for  the  photoluminescence  is  350  nm  which  corresponds  to  the  triboluminescence 
wavelength  .of  non-doped  BaAl2Si208  (Fig.  1).  The  peak  positions  and  the  relative  intensities  of 
emission  lines  in  the  triboluminescence  spectrum  are  almost  identical  to  those  in  the 
photoluminescence  spectrum  for  both  SrAl2Si208:Tb^^  and  BaAl2Si208:Tb^^  The  emission 
lines  are  ascribed  to  the  ^4-^Fj  and  ^3-^Fj  transitions  of  Tb^"^  as  indicated  in  the  figures.  In 
both  triboluminescence  and  photoluminescence  spectra,  the  emission  line  attributable  to  the  ^4- 
^Fs  transition  is  the  most  intense.  The  emission  lines  due  to  ^3‘^F4  and  ^3-^F5  transitions, 
which  appear  in  the  triboluminescence  spectra,  are  not  observed  in  the  photoluminescence 
spectia.  This  indicates  that  the  excitation  wavelength  is  not  suitable  for  the  emission  from  the 
^3  state.  The  emission  line  ascribed  to  the  ^3-^F5  transition  was  observed  in  the 
photoluminescence  spectrum  when  the  sample  was  excited  at  330  nm,  although  the  intensity  was 
very  weak. 

In  Fig.  5  are  shown  triboluminescence  (solid  circles)  and  photoluminescence  (solid  line) 
spectra  of  BaAl2Si208:D)^'*'.  All  the  emission  lines  in  both  triboluminescence  and 
photoluminescence  spectra  are  ascribable  to  the  4f-4f  transitions  of  Dy^^.  The  emission  lines  at 
483,  576,  and  662  nm  are  assigned  to  the  ^9/2-^i5/2,  ^9/2-^i3/2,  and  %;2-^ii/2  transitions  of 
Dy^^,  respectively.  The  peak  positions  and  the  relative  intensities  of  the  emission  lines  in  the 
triboluminescence  spectrum  are  almost  identical  to  those  in  the  photoluminescence  spectrum. 
A  similar  aspect  is  found  for  SrAl2Si208:Tb^^  and  BaAl2Si208:Tb^^  as  mentioned  above.  In 
other  words,  the  triboluminescence  and  photoluminescence  spectra  are  very  similar  to  each  other 
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Fig.5.  Triboluminescence  (closed  circles)  and  photoluminescence 
(solid  line)  spectra  of  BaAl2Si208:lV^polycrystal. 
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in  the  case  of  4f-4f  transitions.  Such  a  phenomenon  was  also  observed  in  triboluminescence 
and  photoluminescence  spectra  of  BaAl2Si208:Sm^^[15]. 

DISCUSSION 

As  seen  in  Figs.2-5  along  with  the  spectra  of  Ce^^-  or  Yb^^-doped  BaAl2Si208  reported 
previously[15],  a  discrepancy  in  the  wavelength  of  maximum  emission  intensity  between 
triboluminescence  and  photoluminescence  spectra  is  characteristic  of  4f-5d  transition,  whereas 
the  peak  positions  of  triboluminescence  and  photoluminescence  spectra  are  almost  the  same  as 
each  other  for  4f-4f  transitions[15,16].  The  difference  between  4f-5d  and  4f-4f  transitions 
reflects  the  fact  that  the  5d  levels  are  affected  by  ligand  fields  more  largely  than  the  4f  levels. 
We  suggest  two  possibilities  to  explain  the  discrepancy  observed  for  the  4f-5d  transitions.  One 
of  them  is  the  effect  of  distorted  ligand  fields.  As  argued  by  Chapman  and  Walton[13],  the 
rare-earth  ions  which  are  the  origin  for  the  triboluminescence  are  presumably  located  in  the 
vicinity  of  the  tip  of  a  growing  crack  and/or  on  the  fi'actured  surface.  In  such  a  region,  the  rare- 
earth  ions  are  subjected  to  a  more  distorted  crystal  field  compared  with  those  in  the  bulk  crystal. 
We  infer  that  such  a  situation  brings  about  larger  lattice  relaxation  eneigy  for  the  4f-5d  transition 
of  rare-earth  ion  because  the  displacement  of  rare-earth  ions  in  such  a  region  can  be  larger  than 
that  for  rare-earth  ions  suited  within  the  bulk.  Consequently,  the  Stokes’  shift  becomes  larger 
in  the  triboluminescence  than  in  the  photoluminescence,  leading  to  the  triboluminescence 
spectrum  shifted  to  the  longer  wavelength  side.  The  other  possibility  is  the  effect  of 
temperature.  Chapman  and  Walton[7]  examined  triboluminescence  of  commercial  glasses  and 
revealed  that  the  triboluminescence  spectra  resemble  the  emission  of  a  blackbody  radiator  with 
emission  temperature  of  around  2000  K.  It  was  suggested  that  such  a  high  temperature  was 
attained  by  the  heat  energy  released  by  plastic  deformation  in  the  vicinity  of  the  crack  tip. 
Although  it  is  unclear  whether  an  increase  of  temperature  is  accomplished  near  the  fractured 
surface  in  the  present  BaAl2Si208:Eu^^  polyciystal,  it  can  be  one  possible  origin  for  the 
difference  between  triboluminescence  and  photoluminescence  spectra.  A  high  temperature 
increases  a  probability  that  phonons  contribute  to  the  electronic  transition.  In  other  words,  the 
transition  from  excited  energy  states  corresponding  to  larger  amplitude  of  vibration  of  nucleus  is 
predominant  at  higher  temperatures,  leading  to  emission  with  longer  wavelength.  This  is 
reflected  in  the  triboluminescence. 

Based  on  these  hypotheses  we  can  explain  the  fact  that  the  relative  intensity  of  the  broad 
emission  band  due  to  the  4f^5d-4f^  transition  is  higher  in  the  triboluminescence  spectrum  than  in 
the  photoluminescence  spectrum.  The  large  lattice  relaxation  energy  in  the  case  of 
triboluminescence  leads  to  large  Huang-Lee  factor.  At  the  same  time,  the  possible  high 
temperature  decreases  the  Debye-Waller  factor  according  to  the  Planck  distribution  of  phonons. 
As  a  result,  the  firaction  of  phonon  side  band  in  the  total  electronic  transitions  increases.  In  the 
present  triboluminescence  spectrum,  the  phonon  side  band  in  the  4f^5d-4^  transition  appears  as 
a  broad  emission  band  in  a  range  of 450  to  600  nm. 

As  shown  in  Fig.  1,  BaAl2Si208  without  any  intentional  dopants  exhibits  triboluminescence. 
The  origin  of  this  luminescence  is  unclear,  but  we  speculate  that  the  luminescence  is  caused  by 
emission  of  photons  which  results  from  a  discharge  in  the  vicinity  of  fractured  surface. 
According  to  the  previous  studies,  many  charged  particles  such  as  exoelectrons  are  emitted  to 
cause  discharge  of  ambient  atmosphere  when  a  triboluminescent  solid  is  firactured[9,21].  The 
discharge  of  ambient  atmosphere  results  in  emission  of  photons.  In  the  present  SrAl2Si208  and 
BaAl2Si208  polycrystals  doped  with  rare-earth  ions,  the  photons  arising  from  the  gas-discharge 
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due  to  the  fracture  excite  the  rare-earth  ions,  leading  to  the  luminescence  due  to  the  4f-5d  and/or 
4f4f  transitions,  because  the  experiments  of  triboluminescence  were  performed  in  air. 

CONCLUSIONS 

We  observed  intense  triboluminescence  in  SrAl2Si208:Tb^'^,  BaAl2Si208:Tb^\ 
BaAl2Si208:Dy^^  and  BaAl2Si208:Eu^^  polycrystals.  It  is  clear  that  the  triboluminescence  is 
caused  by  the  4f-5d  and/or  4f-4f  transitions  of  doped  rare-earth  ions.  The  difference  and 
similarity  between  triboluminescence  and  photoluminescence  spectra  were  qualitatively 
explained  by  considering  the  local  structure  around  the  rare-earth  ions  as  well  as  the  nature  of  4f 
and  5d  orbitals. 
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ABSTRACT 

We  report  development  of  special  active  coatings  that  are  capable  of  de-icing  various 
solid  surfaces  vulnerable  to  icing  such  as  airplane  wings,  helicopter  blades,  road  signs, 
superstructures,  hulls  of  ships,  etc.  The  coating  consists  of  a  thin  web  of  metal  interdigitated 
microelectrodes  formed  using  photolithography.  The  electrodes  are  made  of  very  thin  copper  on 
a  thin  and  flexible  Kapton  substrate.  After  etching,  the  electrodes  were  electroplated  with  Au  to 
increase  their  resistance  to  electro-corrosion.  The  de-icing  action  of  the  coating  is  based  on  the 
phenomenon  of  ice  electrolysis.  Namely,  when  ice  forms  over  the  electrodes,  a  small  DC  bias  of 
5  V  to  30V  is  applied  to  the  electrodes  to  generate  a  DC  current  through  the  ice.  The  ice 
adjacent  to  the  electrodes  is  then  decomposed  into  gaseous  hydrogen  (on  the  cathode)  and 
gaseous  oxygen  (on  the  anode)  thus  eliminating  bonding  between  the  ice  and  the  metal. 
Moreover,  gas  bubbles  rapidly  growing  on  the  interface  spread  as  interfacial  cracks  thus  breaking 
the  ice.  We  present  a  theory  of  sueh  active  grids  and  describe  their  preparation  procedure. 
Results  of  mechanical  and  electrical  tests  will  be  shown. 

INTRODUCTION 

Ice  adhesion  causes  many  problems  in  aviation.  Icing  of  airplane  wings,  helicopter 
blades  and  jet-engine  inlets  causes  a  serious  threat  to  aircraft.  Current  solutions  include  anti¬ 
icing  and  de-icing  fluids,  heating  aerofoils,  and  mechanically  breaking  the  ice.  In  this  research, 
we  are  developing  a  new  method  of  de-icing  aerofoils  in-flight  through  the  application  of  small 
DC  voltages  to  specially  designed  foils  of  micro-engineered  thin  film  electrodes. 

Previous  research  [1-3]  has  shown  that  a  small  DC  bias  can  modify  ice  adhesion.  The 
magnitude  and  polarity  of  the  applied  voltage  can  either  enhance  or  reduce  the  strength  of 
adhesion  of  ice  to  a  metal  surface.  Two  mechanisms  contribute  to  this  effect.  For  voltages  under 
2V,  the  effects  are  completely  reversible  and  are  caused  by  changes  in  the  interfacial  electric 
double-layer  between  the  ice  and  metal.  Above  2V,  the  second  mechanism,  generation  of 
electrolysis  gas  at  the  electrode  surface  dominates  the  effeet  on  ice  adhesion  strength.  Petrenko 
and  Khusnatdinov  [4]  have  found  that  a  1  A  current  generates  approximately  150mmVs  of 
(2H2  +  O2)  gas  at  normal  atmospheric  pressure.  Petrenko  and  Qi  [3]  have  found  that  on 
ice/stainless  steel  interfaces,  a  21 V  bias  can  reduce  the  interfacial  strength  by  one  order  of 
magnitude  in  30  to  60  seconds  as  the  gas  bubbles  generated  by  electrolysis  act  as  interfacial 
cracks. 
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In  order  for  the  small  applied  voltages  to  generate  enough  current  for  the  mechanisms 
described  above  to  work  in  practical  applications,  the  ice  needs  to  be  electrically  conductive 
enough  for  a  charge  of  0.1  to  1  C/cm^  to  pass  through  the  interface.  Pure  ice  is  not  conductive 
enough  to  provide  this  charge,  but  there  are  several  methods  of  increasing  conductivity:  doping 
the  ice,  decreasing  the  spacing  between  electrodes,  or  increasing  the  DC  voltage.  For  aviation 
applications,  the  second  option  is  the  most  feasible.  We  created  electrode  grids  on  an  insulating 
surface  as  shown  in  Figure  1. 

When  ice  grows  over  the  grids,  both  bulk  conductivity,  Oq,  and  surface  conductivity,  Oj, 
contribute  to  the  inter-electrode  current.  If  the  space  between  the  electrodes,  b,  is  equal  to  the 
electrode  width,  a,  the  bulk  and  surface  conductance  of  a  unit  area  are: 

Gfi  (1) 

Gs  -as/2a'  (2) 

As  the  grid  width,  a,  decreases,  the  surface  conductance,  Gg,  increases  faster  than  the  bulk 
conductance,  G^.  Typical  magnitudes  of  the  bulk  and  surface  conductivity  of  pure  ice  at  -10®C 
[6,7]  are  Gb  ~  3*  10  ®  Sm'‘  and  aj  «10'’  S.  For  a  <  1cm,  surface  conductance  will  prevail. 

To  estimate  the  inter-electrode  spacing  suitable  for  de-icing  aerofoils,  we  suppose  that  the 
aerofoil  should  be  clean  of  ice  in  a  given  time,  t,  at  a  DC  voltage  of  V.  Q  is  the  electric  charge 
passing  though  the  interface  of  the  electrodes  and  the  ice  over  a  unit  area  (1  m^). 

Q  =  tI^lG,V  (3) 

Solving  for  the  electrode  width,  a,  in  terms  of  the  surface  conductivity: 

=  fVa/2(2  (4) 

If  r  =  100s  and  F  =  20  V,  a,  should  be  approximately  10  jxm.  In  real  applications,  contamination 
in  the  ice  and  injection  of  charge  carriers  into  the  ice  will  increase  the  surface  and  bulk  currents 
so  that  a  can  be  increased  to  a  more  practical  size  (10  |j,m  to  100  p,m). 


cathode  anode  cathode  anode 


Figure  1.  Schematic  of  grid-electrodes  arrangement  on  the  flexible  insulating  substrate. 
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In  similar  work  done  with  stainless-steel  electrodes  and  salt-doped  ice  [3],  electrolysis 
gases,  and  Oj,  were  formed  according  to  the  electrolysis  reaction: 

2H,0=^2H,(g)  +  0,(g) 

The  strength  of  the  interface  is  decreased  in  several  ways  by  the  gas  bubble  expansion: 

1)  ice/metal  bonds  are  directly  eliminated  when  water  molecules  decompose  into  gas;  2)  ice  can 
be  cleaned  from  the  interface  by  growing  gas  bubbles;  3)  interfacial  cracking  by  high-pressure 
bubbles;  4)  plastic  deformation  under  stress  generated  by  bubbles;  and  5)  pressure  melting  of  ice 
(Figure  2). 

EXPERIMENT 

Photolithography  techniques  were  used  to  create  grid  electrodes  on  the  scale  needed.  The 
grids  consist  of  two  comb-like  electrodes  with  a  period  {a  +  b)  of  100  p.m.  5  p,m  thick  copper 
foils  clad  to  either  125  |xm  Kapton  or  epoxy  resin/fiberglass  substrates  were  used  to  create  the 
grid  electrodes  using  photolithography  and  chemical  etching.  The  electrodes  were  then 
electroplated  with  gold  to  increase  resistance  to  electro-corrosion. 

A  thin  (5  mm)  layer  of  distilled  water  was  frozen  on  the  grids  and  cut  and  polished  in 
order  to  observe  the  interface.  Prior  to  freezing,  a  small  voltage  (2  to  5  V)  was  applied  to  the 
electrodes  in  order  to  form  an  electrical  double-layer  of  charge.  This  double-layer  provides  a 
charge  exchange  between  ice  and  metals,  which  form  ohmic  electrodes  [71.  The  ice  was  frozen 
in  a  cold  room  at  -10°C,  usually  within  10  minutes.  The  interface  was  monitored  using  an 


Figure  2.  Failure  modes  of  interfacial  ice  due  to  gas  generation. 


331 


optical  microscope  and  a  CCD  digital  camera  (Sony  XC-75).  Bubble  generation  on  the  Au/Cu 
electrode  is  shown  in  Figure  3. 

Additionally,  Pt  wire  with  the  same  basic  geometry  (50  Jim  diameter  with  50  )xm 
spacing)  was  used  to  perform  electrical  tests.  Pt  was  used  because  of  its  high  resistance  to 
electro-corrosion.  Anodic  corrosion  occurred  in  previous  electrodes  made  from  Au  on  Cr  as  well 
as  bare  copper.  Two  50  jim  Pt  wires  were  spaced  50  jxm  apart,  with  one  acting  as  the  cathode 
and  the  other  as  the  anode.  The  current  density  over  time  was  recorded  until  the  Pt/ice  interface 
was  destroyed.  As  in  other  tests,  a  small  pre-freezing  voltage  was  used  to  create  an  electric 
double  charge  layer. 

Mechanical  tests  were  also  performed.  The  effect  of  electrical  currents  on  the  strength  of 
the  ice/grid  interface  was  studied  using  a  shearing  apparatus  coupled  with  a  load  cell.  The 
interface  was  tested  in  temperatures  from  -5°C  to  -25‘^C.  Ice  was  grown  from  distilled  water 
placed  between  two  shearing  metal  plates.  A  DC  bias  of  5  V  was  applied  to  the  electrode  and  the 
water  was  frozen.  After  freezing,  the  voltage  was  increased  to  10  to  30  V.  The  interface  was 
loaded  to  the  breaking  point  and  the  maximum  shear  force  was  recorded. 

RESULTS 

Electrical  Experiments 

The  current-voltage  characteristics  of  the  Au  coated  Cu  electrodes  were  recorded,  and  are 
shown  in  Figure  4.  The  current  rises  rapidly  when  the  voltage  exceeds  the  ice-electrolysis 
threshold  of  2V  and  there  is  strong  rectification  of  the  current,  which  agrees  with  previous  work 
[7,8].  When  voltage  of  the  same  polarity  as  the  pre-freezing  voltage  was  applied,  the  current 
increased  due  to  recombination  injection  of  charge  carriers  from  electrodes,  also  observed  in 
previous  work  [8].  With  a  grid  period  of  100p.m,  the  needed  current  density  (5-10  mA/cm^)  can 
easily  be  reached  at  a  low  voltage,  as  seen  in  Figure  4. 


Figure  3.  Initial  stage  of  bubble  generation  on  a  gold  grid  in  ice  as  seen  10  s  after  6  V  was 
applied.  T  =  -10°C.  The  small  circular  bubbles  were  generated  on  the  interface  by  ice 
electrolysis.  The  large  gas  bubbles  of  odd  shapes  were  formed  in  the  ice  bulk  during  freezing. 
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Figure  4.  Current-voltage  characteristics  of  ice/grid  system  at  -WC.  Ice  was  4  mm  thick. 


For  the  Pt  wire,  the  current  was  recorded  over  time,  Figure  5.  The  initial  decay  in  the 
current  is  due  to  the  lower  electrical  conductivity  of  ice  as  opposed  to  water.  The  final  decay  in 
current  demonstrates  the  break  in  the  ice/metal  interface. 

Mechanical  Experiments 

The  strong  effect  of  the  DC  bias  on  ice  adhesion  strength  can  be  seen  in  Figure  6.  The 
results  also  demonstrate  the  importance  of  pre-applied  voltage  during  freezing  to  form  the 
electrical  double  layer  on  the  ice/metal  interface.  Without  the  pre-freezing  voltage,  the  current 
through  the  ice  was  small  and  the  de-icing  effect  was  almost  absent. 


Figure  5.  Current  density,  J,  passing  through  the  ice/Pt  interface  versus  time,  t.  The  decay  of  the 
current  in  ice  demonstrates  the  break  in  the  ice/metal  interface  caused  by  gas  bubbles.  The  initial 
decay  in  the  current  after  freezing  is  observed  because  ice  has  a  lower  electrical  conductivity 
than  that  of  water 
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Figure  6.  Dependence  of  shear  strength  of  the  ice/grid  interface  on  voltage  applied  after  the  ice 
was  formed.  P re-applied  voltage  was  5  V.T=  -8°C. 


CONCLUSION 


The  theoretical  background  and  practical  realization  were  developed  for  implementing  ice 
electrolysis  phenomenon  to  clean  solid  surfaces  from  very  pure  ice  with  low  electrical 
conductivity.  We  have  demonstrated  that  when  foil  micro-grid  electrodes  are  used  with  a  low- 
voltage  DC  bias  of  5  to  30  volts,  high-density  electric  currents  can  be  generated.  The  currents 
decompose  a  very  thin  layer  of  ice  adjacent  to  the  substrate,  eliminating  the  ice  bonds. 
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ABSTRACT 

The  use  of  organic  molecules  as  gelators  in  certain  organic  solvents  has  been  the  target  of 
recent  research  in  materials  science.  The  types  of  structures  formed  in  the  gel  matrix  have  potential 
applications  as  porous  solids  that  can  be  used  as  absorbents  or  in  catalysis.  We  will  present  and 
discuss  the  organogelation  properties  of  a  family  of  bis-ureas.  Studies  presented  will  include  a 
molecule  structure  activity  relationship,  thermodynamic  properties,  comparison  to  x-ray 
crystallographic  data  and  potential  functionalization  of  ^e  gels  formed  by  this  class  of  compounds. 

INTRODUCTION 

Gelation  is  perhaps  very  familiar  and  easy  to  recognize  by  us.  However,  there  is  no  precise 
definition  for  gelation  and  understanding  the  structure  and  properties  of  gels  has  become  the  focus 
of  recent  research.  ^  An  organogel  is  usually  prepared  by  warming  a  gelator  in  an  organic  liquid 
until  the  solid  dissolves,  and  then  cooling  the  solution  to  below  the  gelation  transition  temperature.^ 
The  material  that  is  formed  has  most  likely  a  complex  three  dimensional  structure  that  has  the 
ability  to  immobilize  the  solvent. 

The  structures  of  organogels  have  been  studied  by  a  variety  of  methods  including  neutton 
and  X-ray  scattering  techniques,  electron  microscopy  and  IR  spectroscopy.  Most  of  the  imaging 

results  appear  to  indicate  that  the  three  dimensional  structures  are  fibrous.^ 

Gels  are  usually  classified  into  chemical  and  physical  gels.  In  chemical  gels  both  the  fibers 
and  the  interactions  between  fibers  are  of  covalent  nature.  As  a  consequence  the  gels  are  not 
thermoreversible.  Inorganic  oxides,  silica  and  cross-linked  polymers  belong  to  these  class  of  gels. 
Physical  gels  are  usually  have  structures  composed  of  small  molecular  subunits,  which  are  held 
together  by  non-covalent  interactions.  Low  molecular  weight  organogelators  are  believed  to 

assemble  into  filaments  through  hydrogen  bonding  or  n-n  stacking.^ 

Many  of  the  organogelators  reported  in  recent  literature  exhibit  hydrogen  bonding 
functional  groups  such  as  amides  and  ureas.^’^  Our  group  has  been  interested  in  investigating  self¬ 
assembling  systems  in  solution  and  the  solid  state.  Some  of  the  complementary  hydrogen  bonding 
functional  groups  that  we  have  investigated  are  depicted  in  Figure  1. 


a  b  c  d 

Figure  1.  Examples  of  complementary  hydrogen  bonding  functional  groups  (a)  2- 
acylaminopyridine/  carboxylic  acid,  (b)  carboxylic  acid  dimer,  (c)  urea/carboxylate  and  (d) 
amidiniuni/carboxylate. 

THE  UREA  FUNCTIONAL  GROUP  IN  MOLECULAR  RECOGNITION  AND 
ORGANOGELATION 

Lauher  et  al  reported  crystal  structures  of  a  family  of  six  urea  compounds  which  form  one¬ 
dimensional  bidentate  hydrogen  bonds.^’^  The  urea  compounds  also  have  carboxylic  acid 
functional  groups  which  form  carboxylic  acid  dimers  to  neighboring  molecules  and  in  term  allow 
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for  assembly  into  two-dimensional  sheets.  In  the  absence  of  carboxylic  acids  the  molecules  still 
retain  the  urea  hydrogen  bonding  as  shown  in  Figure  2. 


n=l,2,3 


'V 


Figure  2.  Formation  of  bidentate  urea  hydrogen  bonds  prevail  in  the  presence  and  absence  of  other 
hydrogen  bonding  groups. 

Hanabusa  studied  bis-urea  molecules  as  organogelators  (Figure  3).^  Molecules  1  and  2 
show  gelation  only  in  toluene  and  tetrachloromethane  respectively.  However,  3, 4  and  5  show 
remarkable  physical  gelation.  Results  show  that  the  long  alkyl  substituent  seem  to  play  an 
important  role  in  gelation.  Similar  to  their  results  with  1,2-bisamidocyclohexanes  the  cis-1,2- 
bis(dodecyluriedo)cyclohexane  6  shows  no  gelation  towards  any  liquid. 


,Xi2H25 


1;X  =  0 
2;X  =  S 


{1R,2R) 
3:n  =  4 
4;n=12 
5;n=  18 
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Figure  3.  Organogelators  based  on  bis-urea  derivatives. 

Kellogg  and  Feringa  reported  the  use  of  bis-urea  molecules  as  organogelators  which  are 
thermoreversible  and  stable  at  temperatures  of  100  ^C.  Interestingly,  the  structure  of  the  gels  as 
shown  by  electron  microscopy  is  of  very  thin  rectangular  sheets.^  These  compounds  do  not  show 
excellent  gelation  abilities,  even  though  they  have  long  spacing  between  the  urea  groups. 

Kellogg  and  Feringa  have  conducted  extensive  work  on  cyclic  bis-ureas  molecules  derived 
from  trans-l,2-diaminocyclohexane  and  1,2-diaminobenzene.  In  their  studies  they  have  tested 
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aliphatic,  aromatic  and  ester  substituents.  Some  of  these  molecules  have  been  found  to  gel  organic 
solvents  below  lw/v%.  Molecular  modeling  studies  reveal  that  trans  antiparallel  orientation  of  the 
ureas  substituents  is  energetically  stable  over  the  parallel  orientation.  The  1-D  aggregates  formed 
by  an  antiparrallel  orientation  can  form  extensive  hydrogen  bonds  with  translation  symmetry 
whereas  the  parallel  orientation  requires  a  screw  axis  to  form  1-D  aggregates.  The  authors  have 
conducted  gelation  in  a  variety  of  organic  solvents  as  well  as  used  a  diverse  number  of  techniques  to 
elucidate  the  structure  of  their  gels. 

RESULTS  AND  DISCUSSION 

We  recently  published  organogelation  results  on  a  family  of  bis-ureas  shown  in  Figure  4. 
Although  the  gelation  results  were  not  exceptional  and  some  of  these  compounds  gel  solvents  only 
at  5  oC,  we  obtained  the  crystal  structure  of  compound  7.  The  crystal  structure  confirms  extensive 
formation  of  1-D  hydrogen  bonding  by  both  urea  groups.  The  urea  hydrogen  bonding  distances 
are  within  expected  range  NH«*CO,  2.18, 2.23  A.  These  results  inspired  us  to  modify  the  structure 
of  these  molecules  to  improve  their  gelation  properties. 
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Figure  4.  Molecular  structures  of  a  family  of  bis-ureas  and  crystal  structure  of  7. 

The  molecules  designed  have  bis-urea  functional  groups  with  a  general  structure  shown  in 
Figure  5.  In  our  studies  we  have  varied  the  length  of  the  spacer  between  the  urea  groups  and  also 
the  nature  and  length  of  the  substituents  on  the  periphery.  Some  of  the  changes  made  on  the 
substituentes  include  long  alkyl  chains,  glycine  derivative  (which  lack  a  chiral  center),  valine 
derivatives  (chiral  center),  aspartic  acid  derivatives  (two  side  chains  can  be  inco^orated),  as  well  as, 
changing  the  length  of  the  substituents.  We  have  also  synthesized  bis-ureas  with  perfluorinated 
substituents  for  the  purpose  of  gelling  perfluorinated  solvents. 


Figure  5.  General  design  of  various  structures  of  bis-ureas  for  organogelation. 

The  synthesis  of  these  compound  was  readily  achieved  by  coupling  an  N-Boc  protected 
amino  acid  (glycine,  valine  or  aspartic  acid)  with  the  alcohol  of  our  choice  (decanol,  dodecanol  or 
1H,1H,  2H,  2H,  perfluorodecanol).  Deprotection  of  the  ^-Boc  group  followed  by  reaction  with 
commercially  available  bis-isocyanates  gave  the  desired  bis-urea  compounds.  A  general  outline  is 
presented  in  Figure  6. 
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Figure  6.  Synthesis  of  bis-ureas  gelators. 

The  organic  solvents  tested  for  organogelation  ranged  from  polar  aprotic  and  protic  organic 
solvents  to  non-polar  organic  solvents.  We  also  tested  the  ability  of  these  molecules  to  gel  freons 
such  as  1,1,1-triclorofluoroethane  (111-TriCl  freon)  and  1,1,2-triclorofluoroethane  (112-TriCl 
freon).  Perfluorinated  bis-urea  derivatives  were  tested  in  perfluorinated  solvents.  A  summary  of 
minimum  concentrations  for  gelation  of  organic,  perfluorinated  and  freon  solvents  is  presented  in 
Table  I. 

Glycine  derivatives  11  and  12  are  insoluble  in  organic  solvents,  as  well  as,  perfluorinated 
solvents  and  therefore  no  gelation  was  achieved.  However,  valine  derivatives  13  and  14  show  better 
solubility  in  perfluorinated  solvents,  cloudy  gels  were  formed  at  low  concentrations  in 
perfluoromethycyclohexane  (PFMCH).  The  gelation  ability  of  these  compounds  towards  other 
perfluorinated  solvents  increases  upon  incorporation  of  more  perfluorinated  substituents.  As  a 
result,  compounds  15-17  show  gelation  at  low  concentrations  in  several  perfluorinated  solvents. 
Compounds  12  and  13  have  the  same  length  spacer  (hexyl)  but  have  different  length  substituents, 
the  longer  substituted  13  shows  gelation  at  a  lower  concentration  in  both  hexanes  and  DMSO. 
Compound  14  gels  1,1,1-triclorofluoroethane  and  1,1,2-triclorofluoroethane,  whereas  15  only 
makes  it  a  viscous  liquid.  A  mono-urea  compound  18  was  tested  for  comparison  to  bis-ureas,  it  is 
the  only  compound  to  gel  both  perfluorinated  and  freon  solvents. 

In  a  related  project  in  our  group,  perfluorinated  compound  15  was  tested  to  increase  the 
viscosity  of  supercritical  C02.^^  Removal  of  the  CO2  by  gradual  depressurization  left  behind  a 
very  low  density  fibrillar  material,  as  shown  in  the  Scanning  Electron  Micrograph  (SEM)  in  Figure 
7.  We  are  currently  testing  the  removal  of  solvent  from  the  gel  matrix  to  study  the  morphology  of 
the  porous  materials. 


Figure  7.  Scanning  Electron  Micrograph  of  foam  produced  by  15  at  2.2%  initial  composition  in 
CO2. 
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Table  1.  Minimun  gelation  concentration  (g/L)  of  bis-ureas  in  organic  solvents,  perfluorinated 
solvents  and  freons. 


Compounds 
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minimum  gelation  concentration  (g/1) _ 

Hexan  DMSO  PFMCH  mi  lllTriCl-  112-TriCl- 

es _ freon _ freon 

G  (8.6)  G  (7.5)  I  I  V  V 


G  (7.8)  G  (5.7) 


1  I  G  (5.7)  G  (10.4) 


I  I 


I  I 

CG  (5.8)  P  P  P 

CG  (6.7)  P  P  P 

G  (5.1)  G  (5.2)  i  P 

G  (9.1)  G  (10.3>)  I  T 

G  (9.2)  G  (9.4>)  i  P 

G  (19.8)  g78!2)  G  (8.2) 


1=  Insoluble  CG=  Cloudy  Gel  P=  Precipitate  G=Clear  Gel  V=  Viscous 
PFMCH=  Perfluoromethylcyclohexane  PFN  =  Perfluorononane 

CONCLUSIONS  AND  FUTURE  WORK 

From  this  study  we  have  concluded  that  presence  of  chiral  centers  in  the  bis-ureas  are 
necessary  for  solubility  in  the  appropriate  solvents.  The  incorporation  of  four  alkyl  or 
perfluoroalkyl  substituents  results  in  improvement  of  gelation  over  compounds  that  only  have  two 
substituents.  In  terms  of  solvent  selectivity  perfluorinated  bis-ureas  gel  perfluorinated  solvents  and 
hydrocarbon  bis-ureas  gel  organic  solvents,  as  well  as,  freons.  With  the  exception  of  compound 
18. 

Since  these  molecules  show  gelation  at  very  low  concentration  we  believe  that  the  removal  of 
the  solvent  from  the  cavities  may  allow  the  formation  of  very  low  density  materials  with  large 
porosity.  However,  it  is  important  to  elucidate  the  structure  of  the  aggregates  in  the  gels.  We  have 
proposed  that  the  bis-ureas  are  forming  infinite  arrays  of  hydrogen  bonds  in  one-dimension. 
Therefore  if  molecule  19  polymerizes  through  the  diacetylene  group  it  should  prove  the  formation 
of  such  hydrogen  bonds  in  the  aggregates. 
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ABSTRACT 

The  aim  of  the  present  work  was  to  prepare  a  monolithic  varistor-capacitor  element  from  a 
commercial  ZnO-based  varistor  and  a  relaxor  based  on  lead-magnesium  niobate.  The  materials 
were  chosen  on  the  basis  of  similar  sintering  temperatures,  in  the  range  from  900  to  1000®C. 
“Sandwich”-structured  composite-pellets  were  uniaxially  dry-pressed  and  sintered  at  the 
conditions  that  lead  to  shrinkages  observed  on  the  pellets  of  separately  sintered  materials.  The 
microstructural  analysis  of  the  ‘sandwich’  interface  revealed  a  good  contact  between  the  two 
parts  without  a  noticeable  interaction  layer.  Selected  functional  properties  of  both  varistor  and 
relaxor  parts  were  adequate. 

INTRODUCTION 

Integration  of  ceramic  passive  electronic  components  consisting  of  various  materials  is  a 
current  topic  in  device  development  due  to  an  increasing  interest  for  miniaturization  of 
electronic  devices.  One  example  is  the  integration  of  varistor  and  capacitor  materials  into  a 
single  element  offering  high  frequency  and  high  amplitude  transient  voltage  protection  of 
electronic  circuits  [1].  Cofiring  two  ceramic  materials  needs  to  consider  different  sintering 
temperatures,  final  shrinkages,  thermal  expansion  coefficients  and  possible  chemical  reactions 
in  the  interface  region  [1,2]. 

The  aim  of  the  present  work  was  to  prepare  a  monolithic  varistor-capacitor  element  with 
satisfying  functional  response.  In  order  to  achieve  this  goal,  it  was  necessary  to  control  the 
shrinkage  mismatch  between  the  two  materials,  i.e.  varistor  and  capacitor  ceramics,  chosen  on 
the  basis  of  similar  sintering  temperatures.  The  approach  of  tailoring  the  solid  loading,  generally 
used  in  the  tape-casting  technology,  was  modified  for  the  laboratory  scale  experiments.  Namely, 
by  changing  the  compaction  pressure,  the  green  densities  of  the  two  materials  and  therefore 
final  shrinkages  and  to  a  lesser  extent  also  sintered  densities  could  be  modified.  Both  materials 
were  pressed  parallel-wise  in  a  single  pellet  and  cofired  at  the  conditions  that  yielded  a  uniform 
shrinkage  and  an  adequate  density. 

EXPERIMENTAL 

The  starting  powders  were  commercial  ZnO-based  varistor  (KEKO  Varicon)  and  a  relaxor 
material  based  on  Pb(Mgi/3Nb2/3)03  (PMN)  solid  solution. 

Sintering  curves  of  the  powder  compacts  pressed  with  100  MPa  were  determined  by  a 
heating  stage  microscope  with  a  heating  rate  of  1  OK/minute. 

For  heat  treatment  studies  the  powder  compacts  were  prepared  by  uniaxial  dry  pressing  with 
pressures  100  MPa,  150  MPa  and  200  MPa  and  annealed  at  900“C,  925‘=C,  935°C  and  950®C 
for  60  minutes  with  heating  and  cooling  rates  of  5  K/minute.  The  lateral  shrinkages  of  the 
pellets  were  determined  as  functions  of  the  compaction  pressure,  and  of  the  sintering 
temperatures.  Densities  of  the  pellets  were  determined  geometrically. 
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‘Sandwich’ -structured  composite-pellets  (dia  6  and  8  mm,  h  w  3  -5  mm)  were  prepared  by 
first  dry-pressing  a  layer  of  varistor  powder,  then  adding  a  layer  of  relaxor  powder  and  final 
dry-pressing.  The  ‘sandwich’  -pellets  were  annealed  at  900°C,  925°C,  and  950°C  for  60 
minutes  with  heating  and  cooling  rates  of  5  K/minute  and  2  K/minute,  respectively. 

The  polished  and  thermally  etched  (850°C,  30  minutes)  cross-section  samples  were 
analyzed  by  optical  and  scanning  electron  microscope.  The  grain  size  expressed  as  the  average 
grain  diameter  was  calculated  from  the  measurement  of  300  -  400  grain  areas. 

To  obtain  the  electrical  characteristics,  the  composite-pellets  were  separated  into  their 
functional  parts  by  a  diamond  saw.  Silver  electrode  paste  was  screen  printed  on  the  surfaces  and 
annealed  at  590  °C  for  15  minutes.  Capacitance  and  tan8  of  the  relaxor  pellets  were  measured 
by  the  impedance  analyzer  at  IkHz.  Varistor  characteristics  (nonlinearity  coefficient  a,  nominal 
voltage  at  1  mA  Un,  leakage  current  h)  were  calculated  from  current  measurement  in  the  voltage 
range  up  to  900  V. 

RESULTS 

Heating  stage  microscope  experiments  revealed  that  the  sintering  intervals  of  varistor  and 
relaxor  samples  extended  from  750°C  to  1000°C  and  from  750°C  to  850°C,  respectively  (Fig. 
1).  The  temperature  interval  between  900  and  950  ®C  was  chosen  for  further  experiments  in 
order  to  reach  high  sintered  densities  of  the  two  materials.  The  pellets  of  both  materials  were 
pressed  with  100,  150  and  200  M  Pa.  In  this  heat  treatment  range  the  densities  of  the  varistor 
and  relaxor  ceramics  were  in  the  range  5.1  to  5.4  g/cm^,  and  7.6  to  7.9  g/cm^,  respectively.  Both 
dry-compaction  pressure  and  annealing  temperature  had  only  a  minor  effect  on  the  densities. 
For  comparison,  the  theoretical  densities  of  the  major  components  of  both  materials,  namely 
ZnO  and  Pb(Mgi/3Nb2/3)03  are  5.68  g/cm^  and  8.17  g/cm^,  respectively  [4,  5]. 


T(°C) 


Figure  1 :  Constant  heating  rate  sintering  curves  of  varistor  and  relaxor  pellets, 
dry-pressed  with  100  MPa. 
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The  lateral  shrinkages  of  varistor  and  relaxor  pellets  were  determined  as  functions  of  the 
compaction  pressure,  and  of  the  heat-treatment  temperatures  (shown  for  900  and  950  C  in  Fig. 
2).  The  shrinkages  of  both  materials  decreased  with  increasing  compaction  pressure  i.e, 
increasing  green  density  at  a  certain  heat-treatment  temperature 


- , - r-^ - 1 - - - 1 - - - ^ 

100  150  200  100  150  200 

P  [MPa]  P  {MPa] 


Figure  2:  Lateral  shrinkages  of  varistor  and  relaxor  ceramics,  uniaxially  pressed  with  100  -  200 
MPa  after  annealing  at  900°C  and  950®C  for  1  hour. 


‘Sandwich’-structured  composite-pellets  were  dry-pressed  and  heat-treated  at  the  conditions 
that  lead  to  similar  shrinkages  measured  on  the  pellets  of  separately  sintered  materials.  The 
chosen  combinations  were:  150  MPa  /  900°C,  150  MPa  /  925°C  and  200  MPa  /  950°C.  The  best 
results  in  terms  of  mechanical  integrity  were  obtained  for  the  ‘sandwich’  pellets  pressed  with 
200  MPa  and  annealed  at  950®C,  and  these  are  presented  below. 

The  scanning  electron  micrograph  of  the  ‘sandwich’  pellet  (Fig.  3a)  revealed  a  good  contact 
between  the  two  parts,  without  any  noticeable  reaction  layers  on  either  side.  The  relaxor  part 
(light)  is  dense,  with  an  about  20  pm  wide  region  with  almost  no  porosity.  In  the  region 
extending  approximately  10  pm  from  the  interface,  Zn  was  identified  by  EDS  together  with 
PMN-constituent  metal  atoms  (spectrum  not  shown  here).  The  relaxor  microstructure  remained 
unchanged  at  a  greater  distance  from  the  interface  (Fig.  3b).  The  relaxor  pellet,  annealed 
separately  under  identical  conditions  (Fig.  3c)  was  characterized  by  a  similar  microstructure  and 
by  a  comparable  average  grain  size  (Tab. I). 

In  contrast,  the  varistor  part  (dark)  was  fine-grained  and  extremely  porous  in  the  region 
extending  approximately  30  pm  from  the  interface  (Fig.  3  a).  Beside  zinc  oxide  based  matrix, 
second  phase  inclusions  were  also  identified  by  EDS,  containing  bismuth  and  lead  oxide.  The 
amount  of  the  latter  was  increased  in  the  interface  region.  More  distant  bulk  of  the  same  part 
(Fig.  3d)  was  dense,  with  the  microstructure  and  the  average  grain  size  similar  to  those  of  the 
separately  sintered  varistor  ceramics  (Fig.  3e,  Tab.  I). 

In  order  to  investigate  the  increased  porosity  of  the  varistor  interface  region  in  the 
‘sandwich’,  a  varistor  pellet  was  annealed  in  the  lead  oxide-rich  atmosphere  provided  by  lead 
zirconate  packing  powder  [6].  To  prevent  any  direct  contact  between  the  pellet  and  the  packing 
powder,  the  pellet  was  placed  on  an  alumina  plate.  SEM  micrograph  of  the  top  edge  of  the  pellet 
revealed  an  extremely  porous  and  fine  microstructure  as  compared  to  the  interior  of  the  pellet 
(Fig.  4).  Bismuth  oxide  (Bi203  is  one  of  the  typical  varistor  constituents)  based  second-phase 
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inclusions  contained  an  increased  amount  of  lead  in  the  edge  as  compared  to  the  bulk  of  the 
pellet.  Transport  of  lead  oxide  by  evaporation/condensation  was  therefore  confirmed.  It  is 
possible  that  lead  oxide  hinders  sintering  of  zinc  oxide  matrix  similarly  as  antimony  oxide. 
Sb203  evaporates  above  500°C  and  condenses  on  the  ZnO  particle  surfaces  checking  the 
material  transport  across  ZnO  particles  resulting  in  retarded  densification  [7,  8]. 

The  electrical  characteristics  of  the  functional  parts  of  the  ‘sandwich’,  i.e.  the  varistor  and 
the  relaxor  parts,  in  comparison  to  separately  annealed  pellets  are  collected  in  Table  11.  Typical 
values  of  electrical  characteristics,  i.e.  coefficient  of  nonlinearity  a,  nominal  voltage  Un  at  1  mA 
and  leakage  current  Ij  at  0.6  Un  for  the  varistor  and  dielectric  constant  s  and  tan  6  for  the  relaxor 
were  reduced  as  compared  to  the  separately  annealed  pellets,  but  were  still  adequate. 


Figure  3:  Microstructure  of  a)  the  interface  region  of  the  ‘sandwich’  pellet  (light  part:  relaxor, 
dark  part:  varistor),  b)  relaxor  part  of  the  ‘sandwich’  pellet  500  pm  from  the  interface, 
c)  relaxor  pellet,  annealed  separately,  d)  varistor  part  of  the  ‘sandwich’  pellet  500  pm  from  the 
interface,  e)  varistor  pellet,  annealed  separately.  The  samples  were  dry-pressed  with  200  MPa 
and  annealed  at  950  °C  for  1  hour. 
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Figure  4:  Microstructures  of  a)  the  top-edge  and  b)  the  center  parts  of  the  varistor  pellet 
annealed  in  the  lead  oxide-rich  atmosphere  at  950®C,  1  h.  The  light  inclusions  are  bismuth  and 

lead  oxide  containing  phase. 


Table  I:  Average  grain  sizes  with  standard  deviations  of  relaxor  and  varistor  ceramics  annealed 
in  a  ‘sandwich’  or  separately  at  950  °C  for  1  hour. 


varistor 

relaxor 

d(|im) 

CT(iam) 

d(pm) 

cy(pm) 

‘sandwich’ 

2.39 

1.30 

2.06 

1.11 

separate 

2.48 

1.05 

2.04 

1.19 

Table  II:  Varistor  characteristics  (coefficient  of  nonlinearity  a,  nominal  voltage  Un  at  1  mA, 
leakage  current  h  at  0.6  Un)  and  capacitor  characteristics  (dielectric  constant,  tan  8)  of 
‘sandwich’  and  separately  annealed  pellets.  The  pellets  were  pressed  at  200  MPa  and  annealed 

at950°C,  1  hour. 


varistor 

relaxor 

h  (mm) 

a 

Un(V) 

Ii(pA) 

8X10^ 

tan  8 

‘sandwich’ 

0.58 

31 

481 

1 

14.2 

0.05 

separate 

1.00 

44 

701 

0.8 

21.8 

0.019 
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CONCLUSIONS 


ZnO-based  varistor  and  PMN-based  relaxor  ceramics  could  be  cofired,  fulfilling  the 
requirements  of  mechanical  integrity  and  dual  electrical  response.  By  adjusting  the  dry-pressing 
and  sintering  conditions  the  ‘sandwich’-pellets,  consisting  of  a  varistor  and  a  relaxor  layer,  were 
prepared.  The  microstructural  analysis  of  the  ‘sandwich’  cross-section  revealed  a  good  contact 
between  the  two  parts.  Selected  functional  properties  of  both  varistor  and  relaxor  parts, 
separated  before  the  application  of  electrodes  and  measurement,  were  adequate. 
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ABSTRACT 

A  phenomenon  known  as  Giant  Magnetoimpedance  (GMI)  is  attracting  interest  both  for 
its  technological  applications  in  magnetic  field  sensors  and  for  its  physical  basis.  In  this  paper,  a 
review  of  GMI  is  presented:  first,  a  brief  description  of  the  main  characteristics  of  GMI  is 
discussed,  an  overview  of  the  main  applications  is  presented,  and  finally,  an  interpretation  of  the 
physical  basis  underpinning  GMI  is  proposed. 

INTRODUCTION 

When  a  conducting  ferromagnetic  material  is  subjected  to  an  ac  electric  current,  its 
impedance  response  depends  on  the  presence  of  magnetic  fields.  In  most  cases,  the  largest  effect 
is  obtained  when  the  ac  current  fi:equency  is  about  0.5-10  MHz,  for  amorphous  alloys  in  the 
shape  of  ribbons  or  wires.  The  application  of  a  dc  magnetic  field  then  results  in  a  significant 
decrease  of  impedance,  as  shown  in  Fig.  1. 

This  phenomenon  is  known  as  Giant  Magnetoimpedance  (GMI),  and  it  was  first  observed 
in  CoFeBSi  amorphous  ferromagnetic  wires  prepared  by  fast  cooling  by  the  method  known  as  in- 
water-rotating-quenching  [1].  Unlike  Giant  Magnetoresistance  (GMR)  which  has  a  quantum- 
mechanical  nature,  GMI  can  be  explained  in  terms  of  classical  electromagnetism  [2,3]. 

GMI  has  been  reported  in  a  wide  range  of  magnetic  materials,  such  as  wires,  ribbons,  thin 
films  [4],  glass-covered  microwires  [5,6],  and  with  a  different  measuring  setup,  ferrites  [7].  Also, 
the  variations  in  microstructural  parameters  such  as  composition,  stress  [8],  thermal  treatments 
involving  stress,  applied  field,  and  partial  crystallization  or  nanocrystallization  have  been  studied. 
These  changes  have  led  to  a  variety  of  GMI  behavior,  including  for  instance,  an  asymmetric 
decrease  with  dc  field  [9],  hi^  sensitivity  [10],  etc.  In  turn,  GMI  is  being  used  as  a 
characterization  technique  [1 1],  in  order  to  gain  insight  into  the  magnetic  domain  structure  of 
these  alloys. 

APPLICATIONS 

The  basis  of  GMI  applications  [12]  is  the  change  in  the  impedance  response  as  a  fimction 
of  the  DC  applied  magnetic  field.  GMI  is,  therefore,  useful  for  magnetic  field  sensors.  An 
industrial  application  [13]  for  the  monitoring  and  control  of  any  kind  of  mobile  vehicles,  shown 
in  Fig.2,  makes  use  of  small  permanent  magnets  adhered  to  the  vehicle.  GMI  detectors  are  placed 
at  strategic  positions  where  the  presence  of  vehicles  is  desired  to  be  checked.  Each  time  a  vehicle 
approaches  these  positions,  a  decrease  in  impedance  is  detected.  If  the  GMI  detectors 
are  linked  to  a  Personal  Computer  (PC)  by  means  of  an  appropriate  software,  the  movements  of 
all  vehicles  can  be  automatically  detected.  A  controlling  system  can  be  easily  used;  for  this,  it  is 
only  necessary  to  add  some  controlling  gates  on  important  positions,  and  a  PC  program  to  open 
or  close  these  gates  as  needed. 
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permanent  magnet 


(A/m)  GMI  sensor 


Fig.  1 .  Voltage  variation  as  a  function  of  dc  Fig.  2.  Schematic  of  a  position  sensor  based 

field  for  CoFeBSi  wires  (From  Ref  1 3).  on  GMI  (Ref  1 3). 

The  use  of  GMI  in  magnetic  recording  is  being  actively  investigated  [14].  Here,  the  main  idea  is 
to  use  the  the  wire  as  the  reading  head;  the  information  in  a  magnetic  disc,  involving  variations  of 
magnetic  field,  is  expected  to  produce  variations  in  the  impedance  response  of  the  wire  large 
enough  to  be  converted  into  differences  in  voltage. 

Due  to  the  small  dimensions  of  the  ferromagnetic  material  needed  (wires  with  a  few  mm 
length,  with  typical  diameters  of  125  pm  or  less),  and  the  relatively  low  current  amplitude  needed 
(2-10  mA  RMS),  it  is  possible  to  build  very  small  instruments.  A  dc  current  sensor  can  be 
contained  in  a  small  cube  ~3  cm  on  a  side  [15],  including  the  ac  current  source.  The  principle  in 
this  application  is  to  circulate  the  measuring  dc  current  through  a  solenoid  coil  containing  the 
amorphous  wire.  By  means  of  a  careful  calibration,  the  changes  in  impedance  can  be  correlated 
with  the  changes  in  magnetic  field  and  hence,  with  the  changes  in  dc  current  through  the  coil. 
Many  other  applications  are  reported  in  Refs.  12  and  14. 

PHYSICAL  BASIS  OF  MAGNETOIMPEDANCE 

Most  authors  propose  an  explanation  of  GMI  in  terms  of  the  skin  depth  effect.  The  dc 
current  circulating  through  the  sample  produces  a  magnetic  field  both  externally  and  internally. 

In  wnes,  the  magnetic  field  inside  the  sample  depends  on  the  wire  radius;  the  magnetic  field  is 
maximum  at  its  surface.  As  the  current  frequency  increases,  the  skin  depth  effect  (which  depends 
on  magnetic  permeability,  among  other  parameters)  reduces  the  effective  cross  section  available 
for  the  AC  current,  which  appears  as  an  increase  in  impedance.  The  application  of  a  dc  magnetic 
field  decreases  the  magnetic  permeability  and,  therefore,  increases  the  cross  section  for  current 
flow  within  the  wire.  The  total  effect  is  a  decrease  in  impedance. 

This  interpretation,  however,  is  unable  to  explain  the  strong  effects  that  a  variety  of 
thermal  treatments  and  stresses  have  on  GMI.  Recently  [16],  significant  results  were  obtained  on 
conducting,  non-magnetic  CuBe  wires  (0.1  mm  diameter),  electroplated  with  a  layer  of  CoFeNi  1 
mm  thick.  The  main  results  showed  that  the  GMI  was  very  similar  to  the  results  obtained  on 
massive  wires  in  spite  of  the  fact  that  only  the  external  layer  of  the  wire  was  magnetic  (therefore 
eliminating  the  effect  of  skin  depth  at  all  frequencies),  and  that  GMI  was  far  more  sensitive  to 
changes  in  magnetic  parameters  such  as  anisotropy. 

A  more  convincing  explanation  of  GMI  is  based  on  the  coupling  of  the  ac  magnetic  field 
and  the  domains  and  domain  walls  of  the  wire.  Most  authors  use  only  the  total  impedance,  Z,  to 
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study  GMI.This  can  be  adequate  for  applications,  since  Z  and  its  variations  are  the  important 
parameters  to  evaluate  the  potential  of  a  given  material  as  field  sensor.  However,  Z  cannot  give 
any  insight  concerning  the  magnetic  nature  of  the  sample.  For  this,  it  is  better  to  use  the 
inductance,  and  keep  file  real  and  imaginary  components.  Complex  inductance,  L*  =  Lt  -]Li , 
where  Lr  is  the  real  part,  Li  the  imaginary  part  and  j  [j  =  (-1)’^]  the  basis  of  complex  numbers,  is 
proportional  to  magnetic  permeability,  and,  therefore,  can  show  the  effects  of  firequency  -  for 
instance  on  the  domain  wall  response  (Fig.  3).  Here,  results  obtained  on  CoFeBSi  wires  (125  pm 
diameter,  6  cm  in  length)  are  presented  as  a  function  of  firequency  and  ac  field  amplitude 
(deduced  fi^om  the  ac  current  flowing  through  the  sample). 

For  low  firequencies  and  low  fields,  a  plateau  is  observed.  As  the  fi-equency  increases  in 
Fig.  3,  the  real  part  of  inductance  shows  a  dispersion  toward  lower  values.  For  field  amplitudes 
larger  than  «  0.18  A/m  (RMS),  the  low  frequency  value  of  is  no  longer  a  constant;  it  increases 
and  becomes  a  function  of  field.  As  the  fi-equency  increases,  all  behavior  merges  into  one 
common  function  and  all  shows  the  same  frequency  dispersion.  Since  Lx  is  proportional  to  the 
real  part  of  permeability,  we  can  conclude  that  there  are  two  different  magnetization  processes. 
One  of  them  is  independent  of  the  field  value,  for  low  field  values;  the  other  appears  only  when 
the  field  overcomes  a  kind  of  critical  value. 

The  imaginary  part  of  the  inductance  (Fig.  4)  exhibits  a  maximum  for  low  field 
amplitudes.  An  increase  in  field  above  the  cited  value,  0. 18  A/m,  leads  to  the  appearance  of  a 
second  maximum,  which  is  also  dependent  on  the  field  amplitude  value.  The  imaginary  part  of 
the  inductance  is  associated  with  energy  dissipation;  we  can  then  say  that,  in  agreement  with 
results  in  the  previous  paragraph,  there  are  two  magnetization  processes  in  the  wire.  The  one  at 
large  fields  and  low  frequencies  involves  a  larger  energy  dissipation,  as  shown  by  the  size  of  the 
maxima. 

The  two  magnetization  processes  have  been  identified  [17]  as  a  bulging  of  pinned  domain 
walls  for  the  low  field  conditions,  and  domain  wall  unpinning  and  displacement  for  the  large  field 
process.  As  is  well  known,  ferromagnetic  domain  walls  can  become  pinned  to  any  defect  or 
discontinuity  of  the  sample.  In  amorphous  ferromagnetic  ribbons  containing  Co  and  Fe,  the 
magnetic  domain  structure  is  formed  by  an  inner  core  with  axial  magnetization  directions,  and  an 
outer  shell  with  circumferential  domains  and  domain  walls.  Domain  walls  are  pinned  to  the 
external  surface  of  the  wire;  when  a  magnetic  field  of  small  amplitude  is  applied  (as  a  result  of  a 
small  ac  current),  domain  walls  are  only  bulged  from  their  pinned  condition.  This  bulging  is 
relatively  small  and  therefore  leads  to  a  small  value  of  permeability,  which  has  a  reversible 


Fig.  3.  Real  part  of  the  inductance  as  a  function 
of  frequency  and  applied  field  [17]. 


Fig.  4.  Imaginary  part  of  the  inductance  as  a 
function  of  frequency  and  applied  field  [17]. 
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character;  when  the  field  is  removed,  the  domain  walls  become  flat  and  the  permeability 
disappears.  As  the  field  fi'equency  increases  above  a  certain  value,  domain  wall  bulging  becomes 
unable  to  follow  the  excitation  field  and  a  relaxation  behavior  occurs. 

When  the  field  amplitude  increases,  the  domain  walls  are  unpiimed  and  displaced. 
Magnetization  values  increase  significantly,  since  wall  displacement  involves  the  scan  of  larger 
sample  volumes.  As  the  frequency  increases,  the  domain  wall  displacement  becomes  unable  to 
follow  the  field  and  shows  a  relaxation.  The  relaxation  frequency  for  pinned  domain  walls  should 
always  be  higher  than  the  one  for  displaced  walls,  since  the  latter  involves  more  energy 
dissipation,  as  shown  by  L\. 

For  frequencies  above  the  relaxation  frequency,^,  (in  the  case  of  CoFeBSi  wires,/  «  50 
kHz),  only  the  spin  rotation  process  remains.  This  magnetization  process  possesses  its  natural 
resonance  frequency,  as  recently  shown  [18]. 

CONCLUSIONS 

From  this  review,  we  can  conclude  that  GMI  is  an  excellent  property  for  use  in  smart 
material  devices  and  that  GMI  can  be  explained  in  terms  of  magnetization  processes,  such  as 
domain  wall  bulging,  displacement,  and  spin  rotation. 
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ABSTRACT 

Some  transition  metal  oxides  are  known  to  exhibit  the  reversible  coloration  phenomena. 
Tungsten  oxide  is  one  of  such  materials  and  exhibits  the  photochromism  and  the 
electrochromism.  It  is  known  that  the  coloration  phenomena  in  the  tungsten  oxide  hydrate  are 
caused  by  the  redox  reaction.  We  found  that  the  photochromic  efficiency  became  extremely 
higher  by  addition  of  some  organic  materials  to  the  tungsten  oxide  hydrate  and  we  have  studied 
the  mechanism  of  such  a  remarkable  photochromic  enhancement.  In  some  spectroscopic  mea¬ 
surement  as  FT-IR  (Fourier  transform  infrared  spectroscopy)  and  XPS  (X-ray  photoelectron 
spectroscopy),  we  obtained  interesting  features  as  follows.  The  addition  of  an  organic  material 
leads  to  reducing  the  tungsten  oxide  hydrate  to  smaller  pieces,  that  is,  the  surface  area  of  the 
pieces  that  can  react  with  the  additive  increases.  Moreover,  it  was  found  that  specific  sites  in  the 
additive  are  oxidized  when  the  sample  colors.  The  fact  suggests  that  the  additives  having  such 
specific  sites  can  enhance  the  photochromism  of  the  tungsten  oxide  hydrate. 

INTRODUCTION 

Some  transition  metal  oxides  are  known  to  exhibit  the  reversible  coloration  phenomena. 
Tungsten  trioxide  (WO3)  is  one  of  most  extensively  studied  material  that  exhibits  the  photo¬ 
chromism  and  the  electrochromism  [1,2,3].  Each  coloring  phenomenon  is  excited  by  light  expo¬ 
sure  or  by  the  passing  current,  respectively.  The  tungsten  oxide  changes  its  color  from  pale 
yellow  to  blue  and  has  significant  potential  for  some  devices  such  as  a  smart  window,  a  memory 
and  a  display  device  [4]. 

It  is  known  that  the  coloration  phenomena  in  the  tungsten  oxide  are  caused  by  the  redox 
reaction.  That  is,  tungsten  bronze  (M^W03)  is  formed  by  double-injection  of  electrons  and  ions 
described  as  follows  [2,3] : 

W03+xM"^M^W03,  (1) 

where  is  hydrogen  or  alkali  metal  ion  (i.e.  H*,  LF,  K+,  or  Na"^).  In  case  of  the 
electrochromism,  the  simplest  electrochromic  cell  is  composed  of  three  layers,  that  is,  the  tung¬ 
sten  oxide,  an  electrolyte  and  a  counter  electrode.  By  passing  current  from  the  counter  electrode 
layer  toward  the  tungsten  oxide  one,  the  oxide  directly  supplied  electrons  from  a  power  supply 
and  protons  or  alkali  metal  ions  from  the  electrolyte.  On  the  other  hand,  the  photochromic  col¬ 
oration  is  deeply  affected  with  photocatalysis.  When  a  semiconductor  is  excited  by  light  with 
energy  higher  than  that  of  a  band  gap  in  the  semiconductor,  electron-hole  pairs  are  generated 
inside  of  it.  Redox  reaction  progresses  if  these  electrons  and  holes  are  taken  out  to  the  surface, 
and  it  is  possible  to  react  with  the  adsorption  material.  This  is  called  the  photocatalysis.  The 
amorphous  tungsten  oxide  has  the  n-type  semiconducting  nature  then  electron-hole  pairs  gener¬ 
ate  by  exposing  to  uv-light  [5].  Water  molecules  adsorbed  on  the  surface  usually  react  with  the 
holes  then  protons  generate. 

Though  the  tungsten  oxide  exhibits  two  kinds  of  coloration  phenomena  as  mentioned  above, 
the  photochromism  of  the  tungsten  oxide  has  attracted  attention  up  to  now  while  the 
electrochromism  has  been  researched  very  actively,  because  the  coloring  efficiency  of  the  photo¬ 
chromism  is  very  low  compared  with  the  electrochromism.  However,  we  considered  that  such 
inferiority  in  the  photochromism  is  not  essential,  and  have  studied  the  photochromism  in  tung¬ 
sten  oxide  hydrate.  The  tungsten  oxide  hydrate  can  be  prepared  from  an  aqueous  solution  and  we 
found  that  the  efficiency  of  the  photochromism  was  extremely  improved  by  addition  of  a  small 
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amount  of  water-soluble  organic  materials  such  as  polyethylene  glycol  [6].  And  then,  we  have 
studied  the  mechanism  of  such  a  remarkable  photochromic  enhancement  [7,8]. 

In  this  study,  we  performed  the  spectroscopic  measurement  as  Fourier  transform  infrared 
spectroscopy  (FT-IR)  and  X-ray  photoelectron  spectroscopy  (XPS)  in  order  to  examine  how  the 
chemical  structure  of  the  tungsten  oxide  hydrate  changed  before  and  after  the  coloration.  We 
discuss  what  contributes  to  the  remarkable  photochromic  coloration  in  the  tungsten  oxide  hy¬ 
drate  and  an  additive. 

EXPERIMENTAL 


A  tungsten  oxide  hydrate  solution  was  obtained  by  the  ion-exchange  (Na+  H+  )  of  the 
aqueous  sodium  tungstate  (Na2WO^-2H  O)  solution  (0.75  mol/1)  [9].  The  pH  value  of  the  solu¬ 
tion  became  lower  to  about  1.3  during  the  ion-exchange.  In  the  lower  pH  condition,  the  solution 
began  to  gel.  Immediately  after  the  ion-exchange  (before  it  became  a  gel),  the  solution  was 
divided  into  several  portions  and  each  of  them  is  mixed  with  a  small  amount  of  an  aqueous  i 
organic  solution.  In  this  study,  we  used  water-soluble  materials  such  as  polyvinyl  alcohol  (PVA) 
as  additive  organic  substances.  Moreover,  the  solutions  were  spin-coated  on  the  clean  silicon 
substrates  whose  surface  was  oxidized  and  dried  at  room  temperature  for  100  hours. 


The  infrared  absorption  spectra  of  the  films  were  measured  at  room  temperature  in  the 
region  from  400  to  2000  cm-1  with  a  JIR-7000  (JIOL  Co.,  Ltd:),  FT-IR  spectrophotometer.  The 
infrared  spectra  of  the  fresh  films  after  drying  were  measured  at  first.  Next,  the  films  were 
exposed  to  uv-light  (254nm,  8W)  for  10  minutes  then  the  spectra  of  the  photochromic  colored 
films  were  measured  again. 

XPS  measurement  of  the  films  was  performed  in  an  AXIS-165S  (KRATOS  Co.,  Ltd.) . 
XPS  spectra  were  obtained  with  an  A1  Ka  X-ray  source  hv  =1486.6eV).  Measurement  was  done 
in  the  same  way  as  the  FT-IR  measurement. 

RESULTS  I — ^ — r— . — I — ^ — I — I - 1 


The  FT-IR  spectra  of  the  organic  material  added  c-  A  aJ  H  V-/ 

tungsten  oxide  hydrate  film  are  shown  in  Figure  1.  In  |  (s)  ^  fl  /l 

this  figure,  the  peaks  caused  by  tungsten  oxide  hydrate  n  /!  iV  ^  I 

are  observed  in  the  region  from  600  to  1000  cm-1  S  jli  I  / 

[10,11]  and  that  by  PVA  is  wide  spread  over  the  region  o  ^  n  aJ  AV/ 

from  400  to  2000  cm-1.  The  peaks  both  of  the  tungsten 
oxide  hydrate  and  the  additive  overlap  each  other  in  the  8 
region  under  lOOOcm-1.  However,  the  spectra  under  <  Id  a  J 

lOOOcm-1  in  the  both  organic  material  added  tungsten  ^ 

oxide  hydrate  films  are  similar  independent  of  the  kind  A  A 

of  the  additives  and  only  the  peaks  caused  by  the  tung-  (d)  Jl  v/ 

sten  oxide  hydrate  were  observed  because  the  intensity  I— *~r  j _ ■  «  ■  ■ 

of  the  tungsten  oxide  hydrate  film  is  larger  than  the  2000  leoo  1200  soo  400 

organic  additives.  In  this  section,  we  discuss  the  chemi-  Wavenumber  {cm'^) 

cal  structural  change  in  the  tungsten  oxide  hydrate  (from  figure  l.  (a)  An  organic  material  added  tung- 
600cm-l  to  lOOOcm-1),  because  the  change  was  hardly  oxide  hydram  after  UV  (254nm)  irradia- 

observed  in  the  region  above  lOOOcm-1  while  the  re-  (b)  An  organic  material  added  tungsten  ox- 

markable  change  was  seen  in  the  region  under  1000cm-  hydrate  as  prepared,  (c)  tungsten  oxide  hy- 
1  before  and  after  the  adding  the  organic  materials  and 


the  coloring. 

In  the  spectrum  of  the  plain  tungsten  oxide  hydrate 
film  shown  in  figure  2,  the  shape  of  the  curves  is  gentle, 
while  the  sharp  peaks  are  observed  around  600,  800,  900 
and  970  cm-1  in  the  organic  materials  added  tungsten 
oxide  hydrate  film.  The  tungsten  oxide  hydrate  consists 
of  WOg  octahedral  unit  and  has  the  comer-sharing 
stmcture  of  the  units  [12],  The  first  three  peaks  are 
assigned  to  bridging  W-O-W  stretching  vibration  and 
that  of  970  cm-1  is  terminal  W=0  [10,11].  The  intensity 
of  the  peaks  becomes  large  without  the  position’s  shift 
by  addition  of  the  organic  materials.  This  fact  suggests 
that  the  additives  obstmct  the  aggregation  of  the  tung¬ 
sten  oxide  hydrate  particles  when  they  were  mixed  and 
the  cluster  size  in  the  films  with  additives  are  smaller 
than  that  without  additives.  Because  the  sharpening  of 
the  intensity  means  the  increase  of  the  vibration  site,  that 
is,  the  area  of  the  surface  of  the  cluster  with  the  additive 
is  far  larger  than  that  without  the  additives. 

Next,  the  structural  change  before  and  after  color¬ 
ing  is  examined  as  shown  in  figure  3.  The  intensity  of 
the  peaks  in  the  spectmm  changed  after  the  uv-Hght 
exposure  but  the  peak  positions  hardly  shifted.  After  the 
photochromic  coloring,  the  intensity  of  the  three  W-0- 
W  stretching  bands  (600-1000cm-l)  decreased  and  only 
that  of  the  W=0  stretching  region  centered  around  970 
cm-lincreased.  Decrease  of  the  W-O-W  stretching 
vibration  band  means  the  bond  between  bridging  oxy¬ 
gen  and  tungsten  is  eliminated.  Instead  of  the  W-O-W 
vibration  decrease,  the  W=0  band  increases,  that  is,  a 
part  of  the  bridging  oxygen  changes  into  the  edge 
oxygen.  There  are  few  studies  about  such  an  IR  analysis 
of  the  photochromic  coloration  of  tungsten  oxide.  By 
the  way,  molybdenum  oxide  also  exhibits  the  photo- 
chromism  and  has  similar  behavior.  In  case  of  a 
molybdophosphate  (PMo^jO^q)  made  from  a  solution 
that  is  similar  system  with  ours,  the  intensity  of  Mo-0- 
Mo  stretching  bands  also  decreased  when  it  is  colored 
and  it  agrees  with  our  result  [13]. 


v(W  =  0)  1/(0- W-O) 
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Figure  2.  FT-IR  Spectra  before  and  after  P VA 
addition  to  tungsten  oxide  hydrate. 
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Figure  3.  FT-IR  Spectra  of  PVA  added  tung¬ 
sten  oxide  hydrate  before  and  after  ultraviolet 
exposure 


The  XPS  spectrum  of  core-level  W4f  shows  the  doublet  resulting  from  the  spin-orbit  split 
component  shown  in  figure  4.  After  the  ultraviolet  irradiation,  one  more  doublet  is  generated. 
These  features  agree  with  the  reference  for  the  electrochromic  coloration  [14, 15]  and  suggest 
that  the  enhancement  of  the  photochromism  in  the  tungsten  oxide  hydrate  is  resulting  from  redox 
reaction  as  same  as  the  electrochromisra. 

Next,  in  the  PVA  Cls  spectrum  in  figure  5,  the  band  derived  from  C-C  appears  at  285eV 
and  the  band  derived  from  COH  appears  at  286.5eV.  Moreover,  the  peak  of  286.5eV  decreases  in 
the  sample  that  added  to  the  tungsten  oxide  hydrate.  It  is  thought  that  the  reason  for  this  is  that  a 
part  of  PVA  decomposed  by  mixed  with  strong  acid  tungsten  oxide  hydrate  and  PVA  in  the 
sample  preparation.  In  addition,  this  peak  of  286.5eV  decreases  after  the  ultraviolet  exposure, 
and  it  is  suggested  that  the  H-C-0  segment  takes  part  in  the  reaction  at  the  photochromic  color¬ 
ing. 


Conclusion 


We  examined  the  structural  change  in  both  the 
tungsten  oxide  hydrate  and  the  polyvinyl  alcohol  by 
using  the  spectroscopic  methods. 

In  the  FT-IR  spectra  of  the  tungsten  oxide  hydrate, 
addition  of  an  organic  material  leads  to  fine  cluster  of 
tungsten  oxide  hydrate  and  the  reactive  interface  area 
between  the  hydrate  and  the  additive  becomes  larger 
than  plain  tungsten  oxide  hydrate. 

From  the  XPS  spectra,  we  found  that  the  hydrogen 
released  at  the  H-C-0  segment  in  the  additive.  In  our 
previous  study,  it  was  common  feature  to  the  photo- 
chromism  enhancing  organic  additives  that  they  in¬ 
cluded  the  H-C-0  segment.  We  may  explain  that  this 
feature  comes  from  the  larger  electronegativity  of  oxy¬ 
gen  than  that  of  carbon  and  hydrogen.  That  is,  H-C  bond 
is  weak  and  easily  oxidized  because  of  the  uneven 
distribution  of  charge  one-sided  to  oxygen  and  then  it 
contributes  to  the  remarkable  photocliromic  coloring. 

The  results  in  this  study  prove  our  previous  sug¬ 
gestion. 
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Figure  4.  The  XPS  W4f  spectra  of  tungsten 
oxide  hydrate  before  and  after  the  ultraviolet 
exposure  for  10  minutes. 
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reverse  transformation,  227 
rheology,  167 

seal,  135 
sensor,  197 

sensorineural  hearing  loss,  79 

sensors,  45,  247 

shape  memory,  149,  161 

alloy,  87,  99,  109,  123,  129,  135,  141, 
177,  291,  297 
effect,  227 
thin  films,  117 
SiB6,  233 
silica,  161,  311 
silicon  boride,  233 
single  crystal,  39 
smart 

material,  109,  167 
micro-devices,  1 77 
structures,  87,  247 
Sr(Ti,Fe)03,  305 

stress-induced  martensitic  transformation,  123 
strontium 

bismuth  titanate,  317 
titanate,  305 

structural  health  monitoring,  45 
switching  current,  39 

Terfenol,  261,  267,  273 
thermal  cycling,  221 
thermoelectric  material,  233 
thermomechanical,  99 
thick  film,  305 
thin 

films,  129,  297 
strips,  273 
Ti-Ni-Cu  films,  123 
Ti-Ni-Pd  films,  123 
transducers,  273 
transduction,  247 
transformation  temperatures,  221 
transition  metal  oxide,  351 
triboluminescence,  323 
twin,  279 
twinning,  291 

ultrasonic(s),  9,  15 
motor,  71 

variable  geometry  structure,  71 
variant,  279 

variation  of  capacitance,  203 
varistor,  341 


vibration 

control,  141 
level,  15 
velocity,  215 

wavelength  division  multiplexing,  191 


XPS,  351 

zirconium  tungstate,  233 
ZT  value,  233 
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